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 ABSTRACT 
 
The following four broad aims were addressed in this study. (1) To ascertain 
whether the characteristics of the benthic macroinvertebrate assemblages within the 
different nearshore marine habitat types identified by Valesini et al. (2003) on the lower 
west coast of Australia differ significantly, and whether the pattern of those spatial 
differences matches those among the environmental characteristics that were used to 
distinguish those habitat types; (2) To develop a quantitative approach for classifying 
nearshore habitats in estuarine waters that employs readily-available data for a range of 
enduring environmental characteristics, and to use that approach to classify the various 
habitat types present in nearshore waters of the Swan-Canning Estuary on the lower 
west coast of Australia; (3) To test the hypothesis that the characteristics of the benthic 
macroinvertebrate assemblages in the in the Swan-Canning Estuary differ significantly 
among nearshore habitat types, and that the pattern of those differences matches that 
among the environmental characteristics used to distinguish those habitat types and (4) 
To test the hypothesis that, as a result of environmental changes in the Swan-Canning 
Estuary, the characteristics of the benthic macroinvertebrate assemblages at various 
habitats in this estuary in 1986/7 differ from those in 2003/4. 
To address the first aim, benthic macroinvertebrates were sampled seasonally for 
one year in the subtidal waters and intertidal zone (upper and lower swash zones) at the 
six nearshore habitat types that were identified by Valesini et al. (2003) on the lower 
west coast of Australia. The habitat types, which differed mainly in the extent of their 
exposure to wave activity and whether seagrass and/or nearshore reefs were present, had 
been distinguished quantitatively using values for a suite of seven statistically-selected 
enduring environmental characteristics. The faunal samples yielded a total of 121 
species representing eight phyla, among which the Polychaeta, Malacostraca and 
Bivalvia were the most speciose classes and contributed ~ 38, 23 and 10%, respectively, 
  ito the total number of individuals. The total number of species and mean density of 
macroinvertebrates was far greater at the most protected habitat type (1), which also 
contained dense beds of seagrass, than at any other habitat type, i.e. 70 species and 
209.2 individuals 0.1 m
-2, compared to 32 species and 36.9 individuals 0.1 m
-2 at the 
most exposed habitat type (6), which had a substrate comprised only of sand. 
Differences among habitat type influenced the benthic macroinvertebrate species 
composition to a greater extent than differences among either zones or seasons. 
Significantly different faunal compositions were detected among those latter two factors 
only at the most protected habitat type. The faunal assemblage at habitat type 1 was 
clearly the most distinct from those at the other five habitat types, particularly in the 
subtidal zone (R-statistics=0.642-0.831, p=0.1%), and was typified by five abundant 
polychaete species that were adapted to deposit-feeding. In contrast, the fauna at habitat 
type 6 was typified by four crustacean species and a species of bivalve and polychaete, 
whose mobility and tough external surface facilitated their survival and feeding in those 
turbulent waters. The extents of the differences in species composition among the six 
habitat types was significantly matched with that among the suite of enduring 
environmental characteristics that distinguished those habitat types, particularly in the 
case of the subtidal zone (Rho=0.676). Such results indicated that the environmental 
variables used to distinguish the nearshore habitat types could be used to reliably predict 
the types of benthic macroinvertebrate species likely to occur at any site along the lower 
west coast of Australia. 
The above biological validation of the nearshore marine habitat classification 
scheme developed by Valesini et al. (2003) provided the justification for the approach 
to the second broad aim of this study, namely to develop a quantitative scheme for 
classifying habitat types in the Swan-Canning Estuary. This approach was similar to 
that employed by Valesini et al. (2003) in that it considers that differences among 
  iihabitat types are well reflected by differences in a suite of enduring environmental 
variables. However, it improves on that earlier method by employing a completely 
objective and quantitative approach.  
Thus, a large number of environmentally-diverse nearshore sites (102) were 
initially selected throughout the Swan-Canning Estuary and a suite of 13 enduring 
environmental variables quantified at each using remotely-sensed images of the estuary 
in a Geographic Information System. Such variables were chosen to reflect either (i) the 
type of substrate and submerged vegetation present, (ii) the extent of exposure to wave 
action or (iii) the location of the site within the estuary with respect to its vicinity to 
marine and fresh water sources. These data were then subjected to the CLUSTER 
routine and associated SIMPROF procedure in the PRIMER v6 multivariate statistical 
package to quantitatively identify those groups of sites that did not differ significantly in 
their environmental characteristics, and thus represented habitat types. Eighteen habitat 
types were identified, which were shown to well reflect spatial differences in a suite of 
non-enduring water quality and sediment characteristics that were measured in situ at a 
range of estuarine sites during both summer and winter in 2005 (Rho=0.683 and 0.740, 
respectively, p=0.1%). However, those latter environmental characteristics required far 
more time in the field and laboratory to quantify than the enduring variables used to 
identify the habitat types. 
Benthic macroinvertebrates were sampled during summer and winter in 2005 in 
the shallow subtidal regions (~1 m depth) at sites representing eight of the habitat types 
identified in the Swan-Canning Estuary. These samples contained a total of 51 and 36 
species during summer and winter, respectively, and, in both seasons, represented nine 
phyla, namely Annelida, Crustacea, Mollusca, Sipuncula, Nematoda, Platyhelminthes, 
Cnidaria, Uniramia and Nemertea. The compositions of the benthic macroinvertebrate 
assemblages differed significantly among habitat types and, to a similar extent, between 
  iiiseasons (Global R-statistic=0.408 and 0.409, respectively, p=0.1%). However, the 
spatial differences were considerable greater in winter than in summer (Global R-
statistic=0.536 vs 0.280, p=0.1%), presumably due to the greater spatial variation in 
particular non-enduring in situ environmental characteristics, such as redox depth and 
salinity. While the number of species, overall density and taxonomic distinctness of 
benthic macroinvertebrates also differed significantly among habitats, those variables 
differed to a greater extent between seasons, being greater in winter than in summer. 
While the measures of taxonomic distinctness tended to be greater at habitat types 
located in the lower to middle reaches, i.e. habitat types 6, 7, 9, 10, 13 and 18, than the 
upper reaches i.e. habitat types 1 and 3, the number of species and overall density 
reflected this trend only during winter. During summer, the mean numbers of species at 
habitat types 1, 3, 6 and 10 (3.4-6.0) were significantly lower than those at habitat types 
7, 13, and 18 (8.8-10.9), whereas the overall density of benthic macroinvertebrates was 
far greater at habitat type 7 (32260 individuals 0.1 m
-2)than at any other habitat type in 
this season (3135-18552 individuals 0.1 m
-2). 
Overall, the greatest differences in assemblage composition occurred between 
those at habitat types 1 and 18 (R-statistic=0.669, p=0.1%), which were located in the 
uppermost region of the estuary and the lower reaches of the basin, respectively, and 
differed to the greatest extent in their enduring environmental characteristics. The 
assemblage at habitat type 1, and also that at habitat type 3, located just downstream, 
were relatively distinct from those at all other habitat types, particularly during winter 
(R-statistics=0.666-0.993, p=0.1%). The fauna at the first of these habitat types was 
relatively depauperate, containing low numbers of species and densities, and was 
characterised by the polychaetes Leitoscoloplos normalis and Ceratonereis aequisetis 
and the bivalve Arthritica semen. The assemblage at habitat type 3 was also 
characterised by those three species and the amphipod Paracorophium minor and the 
  ivpolychaete Boccardiella limnicola. In contrast, the assemblage at habitat type 18 was 
characterised by a more diverse assemblage, i.e. the polychaetes Capitella capitata, 
C. aequisetis, L. normalis and Pseudopolydora kempi, the amphipods, Grandidierella 
propodentata and Corophium minor and the bivalve Sanguinolaria biradiata. The 
number of species was among the highest at this habitat type during both seasons, which 
was also reflected in the high taxonomic diversity, and the overall density was the 
highest in winter and second highest in summer. Despite the above faunal differences, 
those between assemblages at habitat types 7 and 9, which were both located in the 
basin of the Swan-Canning Estuary, were similar in magnitude to those that occurred 
between pairs of habitat types located in two different regions of the estuary. Although 
both habitat types 7 and 9 were characterised by a similar suite of species, i.e. 
Oligochaete spp., C. aequisetis, C. capitata, C. minor, G. propodentata, L. normalis, 
and S. biradiata, the substantial differences in assemblage composition between these 
habitat types in both summer and winter (R-statistics=0.570 and 0.725, respectively) 
was due to marked differences in the relative contributions of each of these species. 
Significant and strong correlations were shown to exist in both summer and 
winter between the pattern of differences in the benthic macroinvertebrate assemblages 
among habitat types and that among the enduring environmental characteristics used to 
identify those habitat types (Rho=0.625 and 0.825, respectively, p=0.1%). Furthermore, 
these correlations were greater than those obtained between the benthic 
macroinvertebrate fauna and any combination of the non-enduring environmental 
characteristics (i.e. water quality and sediment parameters) recorded in situ at each 
habitat type (Rho=0.508 and 0.824, in summer and winter, respectively, p=o.1%). This 
demonstrates the greater capacity of surrogate enduring environmental characteristics to 
account for differences in the range of variables that may influence the distribution of 
benthic invertebrate fauna. Thus, the lists of characteristic benthic macroinvertebrate 
  vtaxa produced for each of the eight habitat types studied in the Swan-Canning Estuary 
provide a reliable benchmark by which to gauge any future changes in those fauna. 
Moreover, these results indicate that the above habitat classification scheme can be used 
to reliably predict the types of benthic macroinvertebrate fauna that are likely to occur at 
any nearshore site of interest in this estuarine system. 
The final component of this study showed that the benthic macroinvertebrate 
assemblages at four sites in the middle reaches of the Swan-Canning Estuary in 2003/4 
differed significantly from those recorded at the same sites in 1986/7. Such differences 
were reflected in (1) changes in the relative densities of a suite of ten species that were 
responsible for distinguishing the faunas in these two periods, (2) the absence of 22 rare 
species in 2003/4 (i.e. 42% of the number of species recorded in 1986/7), (3) the 
presence of 17 new species in 2003/4, including an abundant polychaete that is likely to 
have been introduced and (4) a far greater extent of seasonal variation in the number of 
species and densities of benthic macroinvertebrates in 2003/4. Such changes are likely 
to be related to lower sediment oxygen levels in certain seasons in 2003/4, as well as an 
altered hydrological regime due to increased temperatures and decreased rainfall in that 
more recent period. The fact that these changes have occurred within the Swan-Canning 
Estuary highlights the need for effective management tools, such as the habitat 
classification scheme and associated faunal survey undertaken in this study. Such data 
will provide a sound basis by which to examine the ways in which fauna vary spatially 
within the system, and allow for the establishment of comprehensive benchmarks for 
detecting future changes. 
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1  GENERAL INTRODUCTION 
 
1.1  Characteristics of coastal nearshore environments 
The coastal environment encompasses two broad types of water bodies, namely 
those that lie between the continental shelf and the shore and those that are partially or 
predominantly enclosed by land, yet still influenced by oceanographic processes such as 
tides and waves (Mann 1982, Davis & Fitzgerald 2004). Thus, the coastal environment 
includes not only inner shelf marine waters, but also estuaries, with its upper limit being 
located at the extent of tidal influence (Alongi 1998). Within each of these two broad 
types of water bodies, deeper offshore areas can be distinguished from shallower 
nearshore areas by the point at which incoming waves begin to interact with the 
substrate, i.e. the wave-shoaling margin (Bird 2000). The landward extent of a 
nearshore area is the upper limit of wave swash on the beach-face. 
Nearshore waters are among the most dynamic environments in the world. This 
is due largely to the occurrence and interaction of waves, tides, currents and/or 
freshwater flow and also to the fact that these hydrodynamic processes often vary 
widely over various spatial and temporal scales (Davis & Hayes 1984, Brown & 
McLachlan 1990, Short 1999). Variation in such processes is reflected in differences in 
the geomorphology and physico-chemical characteristics of nearshore environments, 
such as beach morphology, sediment grain size distribution, the presence of vegetation, 
the amount of sedimentary organic matter, salinity, dissolved oxygen and turbidity 
(Brown & McLachlan 1990, Jackson & Nordstrom 1992, McArdle & McLachlan 1992, 
McLachlan & Turner 1994, Stephens & Imberger 1996, Etemad-Shahidi & Imberger 
2002, Gillanders & Kingsford 2002, Ingram & Lin 2002, Incera et al. 2003, Tanaka & 
Fosca 2003, Baldó et al. 2006). This environmental variation thus leads to the presence 
of a diverse range of habitats in these waters, which are often characterised by distinct   2
and diverse faunal assemblages (Orth & Heck 1980, Robertson & Lenanton 1984, 
Chamberlain & Barnhart 1993, Constable 1999, Brazeiro 2001, Teske & Wooldridge 
2003, Valesini et al. 2004, Wildsmith et al. 2005). 
The types of habitats present in nearshore marine and estuarine waters depend 
primarily on interactions between two main components, namely the physical energy 
processes that occur in those waters and the substrate of the surrounding environment. 
Moreover, in estuaries, the effect of these components often varies greatly along their 
length and estuarine habitats are therefore also determined by their location within those 
systems. Thus, the extent of exposure to waves, tidal action and/or freshwater flow 
controls the rate at which the substrate is eroded and the resultant sediment 
subsequently deposited at the limit of those forces. These deposits, in turn, modify the 
magnitude and behaviour of energy processes in the nearshore environment. These 
factors ultimately determine the small-scale characteristics of nearshore habitats, such 
as sediment chemistry, salinity, beach morphology and the type of any vegetation that 
may be present (Short & Wright 1983, Short 1999, Bird 2000). 
 
1.1.1  Physical energy forces in nearshore marine and estuarine environments 
1.1.1.1 Waves 
Waves are generated by wind shear and pressure on the surface of the water. 
There are two broad types, which differ primarily in their point of origin, i.e. those that 
are generated far out at sea, which create waves of oscillation known as swell, and those 
that are generated close to shore by local winds, which are known as seas (Bennett 
1992, Short 1999). Swell waves are regular in form, have long wave periods (i.e. the 
time taken for consecutive wave crests to pass a given point) and, before they break, can 
travel over thousands of kilometres, independently of their generating wind system 
(Denny 1988). Seas differ from swell mainly in that they occur within the vicinity of   3
their generating wind system, on which they are dependent as a source of energy. They 
travel to the shore over much shorter distances than swell waves, are less regular in 
form, shorter in length and period and, under strong local wind conditions, are 
considerably steeper (Bennett 1992, Bird 2000).  
Waves generated in deeper water begin to transform when they reach depths that 
are sufficiently shallow to cause frictional resistance between the wave base and the 
substrate. This process is known as shoaling, and the point at which it occurs, depends 
on the length of the wave, with longer waves shoaling at greater depths. As waves 
approach shallower waters, they interact further with the substrate and thus undergo 
other types of transformations. Primarily, during a process known as refraction, the 
crests of waves approaching the shoreline are “bent” such that they become aligned with 
the contours of the seabed. Finally, as frictional resistance between the wave base and 
the substrate increases to the point where the wave crest is moving faster than its base, 
the wave breaks and disperses all of its energy onto the seabed or beach face (Bird 
2000).  
The wave climate of any coastline is a combination of the amount of swell to 
which it is predisposed and the direction, frequency, duration and speed of locally 
produced onshore winds. This is determined largely by the physical setting of that 
coastline, both on a global and local scale. The global location of a coastline governs the 
size of its adjacent ocean and the type of large-scale wind systems to which that ocean is 
subject. In temperate regions, the main global wind systems responsible for generating 
swell waves are the low-pressure mid-latitude cyclones, which occur between 40 and 
60° N and S. In the southern hemisphere, these winds generate high velocity south- to 
north-westerly winds throughout the year, which direct swell towards western facing 
coastlines in this region (Short 1999). Local winds that operate close to temperate 
coastlines generally have predictable patterns of activity, but may be modified   4
seasonally by other weather systems, such as those that generate sea-breezes and local 
storm activity. The height and velocity of seas generated from such local winds is 
determined by the distance the wind has been blowing over open water before it is 
interrupted by land (i.e. fetch), the direction from which the wind is blowing, wind 
speed and the depth of the water column. Moreover, as swell waves and seas approach 
nearshore areas, their characteristics may be altered markedly by local bathymetry and 
the configuration of the shoreline. Physical irregularities in the nearshore environment, 
such as coastal headlands, the presence of reefs and/or seagrass beds, cause changes in 
the direction and height of approaching waves through the effects of wave refraction 
and attenuation, respectively, and thus, their impact may be reduced significantly 
(Denny 1988).  
Locally-generated estuarine waves, like those of open coastal environments, are 
determined by local wind speed, duration and fetch distance. However, due to their 
shallower water depths, restricted fetches and interruption of wind flow due to 
catchment topography, their heights and lengths are generally lower and shorter, 
respectively, than those generated in open coastal environments (Nordstrom 1992). 
Nevertheless, shoreline characteristics and nearshore wave conditions usually differ 
over shorter distances in estuaries than in adjacent marine waters due to relatively 
greater irregularity in the aspect of the shore and thus differences in exposure to winds 
from different quadrants. Moreover, waves generated locally within estuaries are often 
shorter than those along oceanic coasts and thus break at sharper angles to the beach 
face (Carter 1980). This can increase the potential for strong alongshore currents and 
result in an increase in erosion and turbidity, even in shallow areas such as mudflats 
(Jackson et al. 2002, Uncles 2002). 
Non-locally generated waves that enter estuaries, i.e. oceanic swell entering 
estuary mouths, may extend variable distances along their longitudinal axes. Oceanic   5
swell waves may be attenuated by any natural and/or man-made structures at the estuary 
mouth, e.g. shallow banks or sills or constructions such as groynes or headlands 
(Nordstrom 1992). Although the energy of swell waves generally decreases with 
distance upstream from the estuary mouth, shoreline orientation may also influence the 
extent of exposure of estuarine beaches to oceanic swell. Furthermore, the energy of 
swell waves may be amplified as they move through an estuary channel, if that channel 
is narrow, deep and free of any obstructions on the substrate (Carter 1980, Jackson & 
Nordstrom 1992). 
 
1.1.1.2 Tides and other water level changes 
Tides are the periodic immersion of the coastline by highly regular and very 
long oceanic waves generated by the ocean’s response to the gravitational attraction of 
the sun and moon (Dobson & Frid 1998). At any given coastal location, high and low 
tides correspond with the earth’s position under the crests and troughs of the waves, 
respectively (Davis & Fitzgerald 2004). 
Tidal cycles, i.e. one high tide to the next, vary in frequency over a 24 hour 
period, depending on the global location of the coast (Bennett 1992). They may thus, 
occur diurnally (one tidal cycle per day), semi-diurnally (two tidal cycles per day) or be 
mixed, i.e. exhibit either of these states at different times of the lunar phase. Semi-
diurnal and mixed tides occur extensively throughout the world, whereas diurnal tides 
are relatively rare and generally occur along coasts that are adjacent to small ocean 
basins (Davis & Fitzgerald 2004). 
As tidal waves travel from the open ocean to shallower shelf waters, they 
become slower and steeper, which is reflected at the coast by an increase in tidal range, 
i.e. the difference in height between the crests and troughs of tidal waves, or high and 
low tide, respectively (Davis & Fitzgerald 2004). Tidal ranges vary spatially due to   6
differences in the width and slope of the continental shelf, the shape of the coastline and 
the Coriolis effect. For example, greater tidal ranges occur in regions that have a 
relatively wide continental shelf, such as the north-western coast of Australia where the 
tidal range can reach 10.5 m vs the southwestern coast, where the shelf is narrow and 
steeper and where the tidal range is ~ 0.4 m (Defence. 1998). On the basis of tidal 
ranges waters are termed microtidal, mesotidal and macrotidal, when the tidal ranges be 
0-2 m, 2-4, m and >4 m, respectively (Davies 1964). Tidal range varies considerably 
within estuaries. In shallow estuaries, tidal range often decreases with distance from the 
estuary mouth, whereas the opposite is the case in deep funnel-shaped estuaries. 
However, tidal ranges can also vary over short distances in estuarine basins according to 
a site’s particular location and characteristics, such as slope and the width of the 2 m 
depth contour (Nordstrom 1992). 
Fluctuation between high and low tides influences the physical dynamics of 
nearshore areas in several different ways. Firstly, tidal fluctuation shifts the position at 
which other hydrodynamic processes occur on the shore. For example, waves 
approaching a coastline will begin to shoal, refract and break further offshore on low 
than high tides (Nordstrom & Jackson 1990, Masselink & Short 1993). Secondly, the 
rise and fall of tides generates tidal currents in nearshore areas, which in turn leads to 
greater weathering of bedrock and erosion of sediments (Cosentino & Giacobbe 2006). 
These currents are magnified in nearshore areas with greater tidal ranges or where the 
tidal flow is channeled through narrow openings, such as the straights between islands 
and through funnel-shaped estuaries (Bird 2000, Davis & Fitzgerald 2004). 
Processes other than the action of waves and tides can induce water level 
changes in nearshore areas. Changes in atmospheric pressure and/or wind conditions, 
commonly associated with storms, often force water masses to surge away from the 
shoreline (Jackson et al. 2002). Surge events can last for hours or days and can exceed   7
changes in water level caused by tidal fluctuation, particularly in microtidal estuaries 
(Jackson et al. 2002). The impacts of surge are similar to those associated with tidal 
fluctuations but the former are highly variable and have the potential to cause oncoming 
waves to attack upper or lower portions of the beach that do not normally experience 
wave action (Rosen 1977, Jackson et al. 2002). 
In nearshore areas, a series of zones may be identified, based on the extent to 
which they are affected by changes in water levels. Fluctuating tidal levels are largely 
responsible for delineating these zones in areas where tidal range is significant. 
However, in areas that do not exhibit significant tidal ranges, such as the microtidal 
beaches of southwestern Australia, changes related to surge events effect water levels 
on the shore to a far greater extent (Sanderson et al. 2000). Thus, the area of the beach 
that is periodically covered and uncovered by fluctuating water levels is known as the 
intertidal zone. Directly above this lies the supralittoral or splash zone, which is never 
totally immersed but receives spray and splash from wave action. The area directly 
seaward from the intertidal zone is referred to as the subtidal zone, and is permanently 
covered by water (Dahl 1952). The width of each of these zones is determined by both 
tidal/water level height and the shape of the beach. 
 
1.1.2  Characteristics of the substrate in nearshore marine and estuarine 
environments 
1.1.2.1 Sediment 
Sediments are derived from the weathering of bedrock. The mineralogy and 
sizes of grains comprising sediments in any nearshore marine or estuarine environment 
depends on the characteristics of the climate, the hydrodynamic processes and the types 
of potential sediment sources that are present.    8
Sediment characteristics can vary considerably over short distances in nearshore 
marine environments, due primarily to differences in wave and tidal action, the extent of 
shoreward and alongshore drift, and proximity of potential sediment sources such as 
nearshore reefs, coastal cliffs and estuaries (Carranza-Edwards et al. 1998, Shaghude & 
Wannas 1998, Belov et al. 1999, Kasper-Zubillaga & Carranza-Edwards 2003, Defeo & 
McLachlan 2005). Furthermore, within estuaries, other factors, such as the amount of 
rainfall that an estuarine catchment receives, the morphology and number of adjoining 
rivers, and the extent of catchment vegetation and type of bedrock also play an 
important role in influencing the sediment mineralogy and grain sizes (Nordstrom 1992, 
Ingram & Lin 2002, Liaghati et al. 2004, Turner et al. 2004). 
Soft sediments, which tend to dominate nearshore environments throughout the 
world, range in grain size from fine sands and muds to coarse sands and gravels. Coarse 
sands generally dominate in areas that are subjected to small tides and heavy wave 
action, or strong currents and/or river flow, whereas fine sands and muds are generally 
found in more protected areas, where calm conditions enable the particles to settle out 
of the water column or in high wave energy areas that experience large tides 
(McLachlan & Turner 1994, Defeo & McLachlan 2005, Jia et al. 2006). This is 
particularly relevant in estuaries, where the typically calm conditions facilitate, at least 
in some locations, the deposition of fine particles and thus expansive mud flats (Chang 
et al. 2006). Hard substrates, which include subtidal reefs, rocky outcrops and rocky 
shores, are generally found in areas where flows, currents and wave action are 
sufficiently strong to keep them clear of mobile sediments or where hard surfaces have 
been shaped by hydrogeological processes (Wood 1987). 
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1.1.2.2 Slope 
The slope of the substrate in nearshore marine or estuarine environments is 
influenced by the interactions between the substrate itself and local hydrodynamic 
processes and may change over relatively small spatial and temporal scales (Dexter 
1983, 1992, McArdle & McLachlan 1992, Borzone et al. 1996). Steep beaches 
generally occur in nearshore areas that are subjected to substantial wave action and 
small tidal ranges and usually exhibit coarse sand and narrow wave breaking zones. Flat 
beaches tend to occur in areas of limited wave action or high wave energy where tidal 
ranges are larger, and tend to be characterized by fine sand and wide wave breaking 
zones (McArdle & McLachlan 1992). 
The slope of the nearshore area influences, in turn, the swash climate and thus 
determines the extent of water filtration through a beach. Saturated sediment, in which 
the interstitial spaces between sand grains are filled with water, lies down-shore of the 
effluent line (i.e. the point at which the water table seeps through to the beach face) and 
thus up-rushing swash is only able to penetrate the sediment when it crosses over the 
effluent line onto unsaturated sand. Thus, steep beaches, which tend to have short 
frequent swashes, a narrow intertidal zone and a high frequency of swashes above the 
effluent line, have a high degree of infiltration and lower levels of saturation. This 
creates a dynamic interstitial climate with frequent flushing and high oxygen content 
(McArdle & McLachlan 1992). Conversely, flat beaches, which tend to display long, 
infrequent swashes with fewer crossing the effluent line, have larger areas of saturation 
and a smaller amount of filtration. Consequently, the interstitial climate is more 
stagnant and has lower oxygen content. The majority of beaches, however, range within 
these two morphological extremes and thus exhibit a broad range of characteristics 
(McArdle & McLachlan 1992). 
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1.1.2.3 Submerged vegetation 
Nearshore environments in marine and estuarine waters often contain submerged 
macrophytes that are attached to, or in some cases, floating just above the substrate. The 
types of these macrophytes, as well as their distribution and density, are influenced 
largely by the amount of suitable substrate for growth, the extent of wave, tidal and 
current activity and light availability, the latter of which is affected by water depth and 
turbidity (Kirkman & Kuo 1990, Chapman & Underwood 1995, Abal & Dennison 
1996, Fonseca 1996, Carruthers et al. 2002). Macroalgal communities generally 
dominate in rocky nearshore habitats and on subtidal reefs, as they require a hard 
substrate on which their holdfast can attach (Mann 1982). Seagrass beds and mangroves 
are often found in soft sediment habitats that are protected from high wave activity as 
they require these types of substrates in which to anchor their root systems, and 
protection from wave action to prevent uprooting and reduce shear stress on their leaves 
(Fonseca 1996, Elster et al. 1999, Carruthers et al. 2002). Many soft sediment 
environments in nearshore areas that are exposed to a high degree of water movement 
are devoid of macrophytes, either because the turbulence caused by high wave or 
current activity results in a stressful and unstable environment for the establishment of 
macrophyte root systems, or because large tidal ranges lead to the exposure and thus 
dessication of macrophytes at low tide (Denny 1988, Kirkman & Kuo 1990).  
Macrophytes also have a reciprocal influence on the hydrodynamics in nearshore 
environments, in that they stabilise sediments and dampen the extent of any wave action 
and tidal currents (Fonseca 1996). 
 
1.1.3  Characteristics relating to location within estuaries 
Strong physico-chemical gradients typically exist within estuaries, due primarily 
to the interaction of marine and riverine waters, and can vary over relatively small   11
spatial scales. Thus, various water quality parametres exhibit pronounced variations 
between the estuary mouth and the upstream extent of tidal influence. For example, 
large variations in salinity occur along the horizontal axes of most estuaries, typically 
decreasing from the entrance to the ocean to the riverine reaches. However, there are 
many exceptions, including those shallow estuaries in south-western Australia which 
receive sporadic rainfall and experience high evaporation rates and those in tropical 
areas such as the Amazon, which experiences extremely high rainfall throughout the 
year (Alongi 1998, Hodgkin & Hesp 1998). In the former case, hypersaline water can 
occur upstream and in the latter case the area of mixing between marine and freshwater 
can occur anywhere between the entrance and several kilometres out at sea. Other 
physico-chemical variables that vary according to location with an estuary include 
dissolved oxygen, particulate organic matter, turbidity, dissolved nutrients, force of tidal 
and riverine flow, wave action, sediment mineralogy and grain size and the extent and 
type of submerged vegetation (Cabecadas et al. 1999, Le Hir et al. 2001, Doering et al. 
2002, Nagy et al. 2002, Lopes & Silva 2006, Stedmon et al. 2006, Nitsche et al. 2007). 
 
1.2  Benthic macroinvertebrates of sandy nearshore marine and estuarine 
habitats 
Benthic macroinvertebrates can be defined as those invertebrates which inhabit 
the substrate of aquatic environments and are retained by a 500 μm sieve (Howard et al. 
1989, Bennett 1992). They are an important component of the biota of nearshore marine 
and estuarine environments as they provide a major link in the trophic food webs of 
those systems, consuming large amounts of detritus and primary food sources such as 
benthic and pelagic microphytes and providing a key food source for fish (Levinton 
1972, Dexter 1981, Edgar & Shaw 1995a, 1995b, Hyndes & Potter 1997, Smith & 
Parrish 2002). Moreover, the activities of benthic fauna, such as feeding and burrowing,   12
can strongly influence sediment resuspension and transport and increase the water and 
organic content of sediment, thereby influencing the rates of nutrient flux in aquatic 
systems (Levinton 1989a, Pennifold & Davis 2001).  
The benthic macroinvertebrate faunas that inhabit sandy nearshore areas in both 
marine and estuarine environments and their relationships with particular environmental 
characteristics have been the subject of much research (Dahl 1952, Ansell et al. 1972, 
Dexter 1979, Bally 1981, Knott et al. 1983, McLachlan 1983, Dexter 1989, Defeo et al. 
1992, Dexter 1992, McArdle & McLachlan 1992, Jaramillo & McLachlan 1993, 
Constable 1999, Ducrotoy & Ibanez 2002, Ysebaert & Herman 2002). Many workers 
have separated these invertebrates into functional groups, based on their diet and 
feeding mode (Whitlatch 1981, Dobson & Frid 1998, Muniz & Pires 1999, Broitman et 
al. 2001). These include the deposit and suspension feeders and predators.  
The deposit feeders obtain their nutritional requirements by assimilating organic 
material from ingested sediment and thus tend to occupy areas that contain fine 
particulate organic material derived from seagrass, phytoplankton, fringing vegetation 
and benthic microflora (Levinton 1972, 1989b). Although much of the detritus in 
benthic sediments is indigestible to these organisms, it is often colonized by micro-
organisms such as bacteria, fungi, ciliates, amoebae, flatworms, protists and nematodes, 
and there is strong evidence to suggest that many benthic macroinvertebrates utilize 
these micro-organisms for nutritional requirements rather than the detritus they ingest 
(Mayer 1989, Levinton 1989b, Barnes & Hughes 1998).  
Some deposit feeding benthic macroinvertebrates, such as capitellid and 
arenicolid polychaetes, are non-selective, showing little discrimination in the types of 
particles ingested. In contrast, other deposit feeders select the types of particles they 
ingest, using specialised palps or buccal organs to sort organic material from the   13
sediment or to select certain sediment grain sizes (Glasby et al. 2000). Selective deposit 
feeders include spionid and terebellid polychaetes and tellinid bivalves. 
Suspension feeders filter fine organic material from the water column (Dobson 
& Frid 1998). Particles may be carried to the organism by tides and surrounding 
currents or the organism may create its own currents by beating appendages such as 
setae, cilia or tentacles. Some suspension-feeding invertebrates build tubes in the 
sediment and remain in these structures for life, creating a constant current of water. 
These tubes provide the organism with protection from predators, yet allow them to 
retain access to the overlying water column for feeding and respiration (Barnes & 
Hughes 1998). Examples of these types of invertebrates include sabellid and serpulid 
polychaetes, and donacid and mactrid bivalves (Morton et al. 1998, Glasby et al. 2000). 
Predators use their buccal apparatus to seize live food items using either a 
muscular eversible pharynx (e.g. nephtyd polychaetes) or jaws (e.g. eunicid and 
nereidid polychaetes) (Glasby et al. 2000). Other predatory species include muricid 
gastropods, which use proboscises to drill through the shells of other molluscs in order 
to extract them (Wu et al. 2006). 
The distinction between the above three trophic groups is often not clear-cut. 
Some species feed in several different modes, i.e. they are opportunistic, depending on 
the stage of their life cycles, or on the availability of different food sources in their 
environments (Dobson & Frid 1998, Chainho et al. 2006, HilleRisLambers et al. 2006).  
 
1.2.1  Spatial variation among benthic macroinvertebrate assemblages 
Numerous workers throughout the world have demonstrated that the 
distributions of the benthic macroinvertebrate fauna in nearshore marine and estuarine 
environments vary spatially among areas that differ in their abiotic characteristics 
(Fleischack & de Freitas 1989, James & Fairweather 1996, Hearn & Robson 2001,   14
Veloso & Cardoso 2001, Ducrotoy & Ibanez 2002, Edgar & Barrett 2002, Ysebaert & 
Herman 2002). There is thus, a particular range of physical conditions under which each 
species can live and breed successfully, which ultimately determine their distributions. 
The prevalence of various benthic macroinvertebrate taxa tends to vary both parallel and 
perpendicular to the shoreline, i.e. along- and across shore, respectively.  
 
1.2.1.1 Along-shore variation 
The degree to which a nearshore environment is subjected to wave action is 
highly influential in determining the along-shore distribution of benthic 
macroinvertebrate fauna. Highly protected nearshore environments are often 
characterised by benthic macroinvertebrate assemblages that are highly diverse and/or 
abundant, and particularly by species that are soft bodied or have limited swimming 
ability. Conversely, those environments that are exposed to heavy wave action generally 
support assemblages of benthic macroinvertebrates that contain fewer taxonomic groups 
and are typically characterized by hard bodied fauna, or those with a greater degree of 
mobility, such as bivalves and crustaceans, as well as certain polychaete taxa, such as 
pisionids, glycerids and spionids, which are often large and posses either robust body 
coverings (cuticle) or are able to feed in turbulent waters (Dexter 1984, Fleischack & de 
Freitas 1989, James & Fairweather 1996, Frouin et al. 1998). However, variations in 
nearshore hydrodynamic processes and substrate types result in a diverse range of beach 
morphotypes, which display different wave, swash and sedimentological characteristics 
(McArdle & McLachlan 1992, Masselink & Short 1993, Hegge et al. 1996, Defeo & 
McLachlan 2005, Masselink & Puleo 2006). Consequently, the characteristics of 
benthic macroinvertebrate assemblages in nearshore areas tend to be more complex than 
those generalized above for the two extremes of these environments (Brazeiro 2001, 
Veloso & Cardoso 2001, Rodil & Lastra 2004, Lercari & Defeo 2006).   15
The chemical and physical conditions within the nearshore sediment also play a 
major role in influencing the distributions of benthic macroinvertebrates. These 
conditions are influenced by the slope of the beach, speed of water movement, sediment 
particle size and depth of the redox discontinuity (Tait & Dipper 1998, Nel et al. 1999, 
Brazeiro 2001, Nel et al. 2001, Bolam et al. 2004). Since many benthic 
macroinvertebrate species require moist conditions to avoid desiccation, wide, flat 
beaches, which generally have wide saturated zones, tend to support more diverse and 
dense assemblages than steep, narrow beaches, which have narrower saturated zones. 
Moreover, on steep beaches, where swash tends to cross over the effluent line more 
frequently, the risk of benthic invertebrates becoming desiccated by being swept and 
stranded towards the high tide drift line is often greater (McArdle & McLachlan 1992). 
Thus, only those invertebrates that are able to burrow and anchor themselves in the 
sediment or cope with the dry conditions of the upper areas of the beach, such as 
donacid bivalves and the cirrolanid sopods, are generally found in these environments 
(Barros et al. 2001a, Incera et al. 2006). 
As previously mentioned, fine-grained sediment is often found in nearshore 
areas with a shallow slope and/or gentle swash climate. Slow-moving water enables fine 
particles to settle, often resulting in a flat substrate rich in organic material (Dobson & 
Frid 1998). However, poor circulation of water within such sediments often leads to 
their deoxygenation (Barnes & Hughes 1998). The abundant food supply and calm 
conditions of such nearshore areas often support not only a highly diverse assemblage 
of soft-bodied invertebrate species that are suited to the low physical stress of these 
environments, but also those that are opportunistic and able to cope with possible 
deoxygenated sediment and thus exploit the rich food resource (Nilsson & Rosenberg 
1994, Tait & Dipper 1998, Gray et al. 2002, Lercari & Defeo 2006).   16
Deposit feeders often reach optimum densities in areas with fine sediments and 
high organic content, while filter feeders tend to attain greater densities in areas with 
sediments comprising medium-sized grains and rapid water movement and thus a 
sufficient supply of suspended organic matter (Sanders 1960, Newell 1965, Longbottom 
1970, Fauchald & Jumars 1979, McLusky & Elliot 1981, Whitlatch 1981, Levinton 
1989b, Frouin et al. 1998). These patterns are thought to be related primarily to the 
suitability of the different types of feeding structures possessed by benthic 
macroinvertebrate taxa (McLusky & Elliot 1981). Thus, fine muddy sediments and 
turbidity can cause the feeding structures of suspension feeders to become clogged, 
while deposit feeders possess feeding apparatus such as palps that allow them to select 
items of food from such sediments.  
Coarse sediments, generally found in nearshore areas with a high degree of wave 
action and steep slope, are characterised by a low level of organic material and a deep 
redox layer (Tait & Dipper 1998). Consequently, the oxygen content within such 
sediments is high and the dominant benthic macroinvertebrate taxa are generally 
mobile, burrowing, suspension feeders, such as amphipods, cumaceans and isopods, the 
bivalves Tellinidae and Donacidae and the ophiuroid echinoderms (Wood 1987). These 
organisms are able to withstand high physical turbulence due to their protective body 
covering and ability to rapidly re-enter the sediment after being washed out. They are 
also able to make use of suspended organic material by filtering it from the water 
column with their feeding structures (Wood 1987, Fleischack & de Freitas 1989).  
The role of submerged vegetation in structuring nearshore benthic 
macroinvertebrate communities has been well documented (Hutchings 1981, Hutchings 
& Recher 1981, Howard et al. 1989, Edgar 1990, Hutchings et al. 1991, Kalejta & 
Hockey 1991, Eggleston et al. 1999, Tanaka & Fosca 2003, Alfaro 2006, Blanchette et 
al. 2006). The positive relationship between seagrass biomass and both the abundance   17
and diversity of benthic macrofauna is thought to reflect the greater protection afforded 
to macroinvertebrate species, both from surrounding physical conditions and predators 
by more structurally-complex environments (Heck & Thoman 1981, Main 1987, Warfe 
& Barmuta 2004).  
Seagrasses and macroalgae may function as a food source for many benthic 
macroinvertebrate species, usually in the form of detritus (Robertson & Lucas 1983, 
Rossi & Underwood 2002, Smit et al. 2006). Alternatively, seagrass beds may serve as 
traps and thus sources of allochthonous food resources such as drift macroalgae and 
detritus (Hori 2006). The biomass and number of species of benthic macroinvertebrates 
on beaches in south-western Australia has been shown to be greater in those areas 
containing relatively large accumulations of detached macrophytes than in those where 
such accumulations were absent (McLachlan 1985). 
Although salinity may be an important physico-chemical variable influencing 
the alongshore distribution of some benthic macroinvertebrate taxa, particularly in 
estuarine environments where marked salinity gradients often occur, there is 
considerable evidence to suggest that many taxa have a wide tolerance range for this 
variable (Kinne 1964, Remane & Schlieper 1971, Teske & Wooldridge 2003, Teske & 
Wooldridge 2004, Chainho et al. 2006, Lercari & Defeo 2006). Although some 
researchers consider that the degree to which benthic macroinvertebrates penetrate 
upstream into estuaries can be determined by their salinity tolerances (Remane & 
Schlieper 1971), it is important to recognise that changes in several other physico-
chemical variables, such as sediment type, flow velocity and oxygen levels, also tend to 
accompany changes in salinity. Thus, it is difficult to determine which of these variables 
is the most influential (Warwick & Uncles 1980, Kalejta & Hockey 1991, Ysebaert et 
al. 2002, Dethier & Schoch 2005, Montagna & Ritter 2006). 
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1.2.1.2 Across-shore variation 
Across-shore variation in the environmental conditions of nearshore areas is 
typically the result of differences in wave and swash activity and the extent and 
frequency of submersion by tides and other water level fluctuations (McLachlan & 
Jaramillo 1995, McLachlan & Dorvlo 2005). Such differences often lead to the 
formation of various zones between the upper shore and the subtidal region, which are 
characterised by differences in sediment moisture and temperature. Although density 
and species richness of benthic macroinvertebrate assemblages are typically greatest in 
the mid or lower zones, this may vary with beach morphology and tidal range (Beukema 
1976, Jaramillo et al. 1993, Dittmann 2000, Kumar 2002, McLachlan & Dorvlo 2005).  
While the number and width of such zones varies throughout the world, several 
zones are found in most nearshore areas in both marine and estuarine environments and 
each is typically characterised by certain benthic macroinvertebrate taxa (McLachlan & 
Jaramillo 1995). The first of these, the supralittoral zone, comprises the area above the 
high tide drift line and typically consists of dry sediment. The fauna that inhabit this 
zone are typically air-breathing crustaceans that live out of the wave swash zone, but 
may migrate to it during periods of reproduction (Jaramillo et al. 1993, Barros et al. 
2001a, Rodil et al. 2008). Characteristic fauna include hard-bodied talitrid amphipods, 
oniscid and cirolanid isopods, ocypodid crabs and insect larvae, which possess 
exoskeletons that provide protection against desiccation in the relatively dry conditions 
of this environment. 
The intertidal zone is located between the high tide drift line and the lower 
extent of swash, and particularly on marine beaches, which have more dynamic swash 
environments that estuarine beaches, can comprise well defined upper and lower 
subzones, most commonly known as the littoral and sublittoral zones, respectively 
(Beukema 1976, Russel 1991, McLachlan & Jaramillo 1995, Degraer et al. 1999). The   19
lower limit of the littoral (upper intertidal) zone can be delineated by the saturated sand 
around the effluent line (e.g. McLachlan & Jaramillo 1985, McArdle & McLachlan 
1992, Degraer et al. 1999) and thus consists of an area of filtration that lies within the 
wave swash area that has water consistently flowing through the interstitial spaces of 
the sediment. Characteristic inhabitants include, haustoriid, exoedicerotid and 
zobrachoid amphipods, spionid, glycerid and opheliid polychaetes and donacid 
bivalves, depending on the extent to which this zone is affected by wave action 
(Fleischack & deFreitas 1989). The sublittoral zone lies between the effluent line and 
the lower extent of wave swash, i.e. the most seaward point at which the waves recede, 
and consists of saturated sediment. Fauna that typically inhabit this zone include hippid 
crabs, donacid bivalves, nephtyid, spionid and glycerid polychaetes and oedicerotid, 
idoteid and haustoriid amphipods (Salvat 1964, McLachlan & Jaramillo 1995). Many of 
the macrofauna inhabiting this zone extend into the surf or subtidal zone, which is 
permanently covered by water (Fleischack & de Freitas 1989, McLachlan & Jaramillo 
1995).  
 
1.2.2  Temporal variation among benthic maroinvertabrates in nearshore marine 
and estuarine habitats 
The characteristics of nearshore benthic macroinvertebrate assemblages vary 
over a range of temporal scales and, like those associated with spatial changes, are 
intrinsically related to differences in environmental conditions and their effects on 
survival, reproduction and growth. Several studies have demonstrated that the 
distributions of certain benthic macroinvertebrate species in nearshore marine and 
estuarine waters differ in response to short-term changes in the environment, such as 
diel changes in light intensity or tidal state (Enright 1972, Akiyama & Yoshida 1990, 
Oishi & Saigusa 1999, Saigusa 2001). Others have related longer-term changes in the   20
characteristics of these assemblages to seasonal changes in certain environmental 
variables, such as water temperature, salinity and extent of wave activity (Kalejta & 
Hockey 1991, Haynes & Quinn 1995, Kanandjembo et al. 2001, Reiss & Kroncke 2005, 
Ysebaert et al. 2005, Chainho et al. 2006), and to inter-annual variations in such 
variables as temperature, rainfall and strength of oceanic currents (Bamber 1993, Reisse 
et al. 2006).  
Temporal changes in such environmental parametres can influence the 
characteristics of nearshore benthic invertebrate assemblages in a number of ways. For 
example, some species may die as a result of heavy rainfall and wave action during 
storm activity or atypical temperatures (Bamber 1993, Brown & McLachlan 2002). 
Other species may be influenced to move either vertically throughout the water column 
or to other locations within the nearshore areas by changes in light intensity, tidal level, 
salinity and/or dissolved oxygen (Oishi & Saigusa, 1999, Saigusa 2001). The population 
dynamics of most species are influenced directly by temporal variations in variables 
such as air and sea surface temperatures, day length and food availability by bringing 
about changes in reproduction, recruitment and growth. Other temporal environmental 
variations, such as the strength and direction of prevailing currents, may influence the 
population dynamics of a species indirectly via changes in the supply of larvae to 
particular areas (Beukema et al. 1998, Broitman et al 2005, Ma & Grassle 2004, 
Ysebaert & Herbert 2002, Levin 2005, Reiss & Kroncke 2005, Queiroga et al. 2006). 
The strength of reproductive and recruitment success of benthic 
macroinvertebrates often varies between years due to the effects of interannual changes 
in climate or to anthropogenic influences such as pollution or eutrophication (Essink et 
al. 1991, Jones & Park 1991, Atkins and Jones 1991). Such influences may disrupt 
seasonal population dynamics by causing mass mortalities and/or altering the number 
and timing of reproductive events, e.g. fauna may attempt to counteract adverse effects   21
such as reduced recruitment by increasing the number of reproductive events (Beukema 
1979, Ducrotoy et al 1991, Beukema et al. 1998). Consequently, the popluation 
dynamics of predatory members of benthic macroinvertebrate assemblages e.g. nereidid 
polychaetes, gastropod molluscs, and nemertean worms may, fluctuate with changes in 
the recruitment success of their potential prey (Ducrotoy et al 1988, Reiss & Kroncke 
2005). However, predation by fish and birds, which exploit prey in nearshore habitats at 
regular intervals, may exert the most significant temporal changes on benthic 
macroinvertebrate assemblages (Edgar & Shaw 1993, Pepping et al. 1999). This type of 
predation exhibits both diel and seasonal pulses, e.g. fish tend to feed during high tides 
and migratory birds tend to use certain areas for feeding during seasonal migrations 
(Pepping et al. 1999). Predation by both fish and birds tends to be the greatest during 
spring and summer when energy reserves are being built up for the following breeding 
season (Dobson & Frid 1998). 
 
1.3  Approaches to the conservation of aquatic ecosystems 
Approaches to the conservation of the aquatic environment and its biota have 
evolved in several directions over the last few decades. Approaches that were popular 
among both terrestrial and aquatic managers, particularly in the 1980s, focused mainly 
on protecting or monitoring particular species, i.e. those that were endangered, 
commercially important, considered indicators of “ecosystem health” or crucial for the 
survival of other species (Beverton & Holt 1957, Landres et al. 1988, Shrader-Frechette 
& McCoy 1993, Wilson 1994, Kearney et al. 1996, Attwood et al. 1997, Simberloff 
1998, Zacharias & Roff 2001a). However, many managers and ecologists have 
eschewed single species approaches as those approaches did not adequately address the 
challenge of conserving biodiversity. For example, the criteria for choosing indicator 
species, which were used as a “shortcut” for managing biodiversity, are highly   22
subjective and controversial. There is often a lack of consensus on, firstly, what the 
indicator should reflect, i.e. which environmental parametre and/or which species best 
reflects “ecosystem health” (Simberloff 1998). Since, no single species has the ability to 
reflect the myriad of parametres that determine the health of an ecosystem, whether it is 
species richness, the densities of various species in an assemblage, or certain 
physicochemical characteristics of the environment, the danger is that important aspects 
of the ecosystem’s health will be overlooked and biodiversity threatened. Furthermore, 
misguided human perceptions and agendas have the potential to further exacerbate this 
problem. 
The “ecosystem approach” to the management of aquatic systems was developed 
as a potential solution to the problems associated with single-species management, i.e. if 
the ecosystem is protected then all of the resident biota will likewise be protected, an 
approach now well-accepted by contemporary aquatic ecologists and managers (Pearce 
1991, Simberloff 1998, Szaro et al. 1998, Field & Francis 2006, Frid et al. 2006). 
Developed from landscape ecological principles, it aims to determine the large-scale 
features and processes of ecosystems and their associated biota and monitor the 
ecosystem’s abiotic and/or biotic components in order to identify the areas to which 
management and conservation plans can be applied (Done & Reichelt 1998, Zacharias 
et al. 1998, Margules et al. 2002, Cowling et al. 2003). The outcome of this change in 
focus has been the modification of terrestrial ecosystems approaches to those 
appropriate for marine and estuarine ecosystems, i.e. the development of marine 
protected areas (MPAs) (Beatley 1991, Carr et al. 2003). In the past, such areas had also 
often been selected for protection based on single-species criteria, e.g. threatened or 
commercially or important species or for the purposes of managing their resources 
(Attwood et al. 1997, Roff & Evans 2002, Aguilar-Perera et al. 2006), which resulted in 
protected areas that were not necessarily the most biodiverse. However, the recent   23
emphasis on ecosystem-based management principles has resulted in the development 
of representative MPA systems, i.e. those that contain samples of habitat types that are 
both typical of and/or unique to particular regions (Edyvane 1999, Ward et al. 1999, 
Stevens 2002). 
At a given scale, a habitat type encompasses an area in which the physical and 
chemical conditions relevant to that scale are relatively homogeneous and/or vary 
within a characteristic range (Olenin & Ducrotoy 2006). The development of 
representative MPA systems requires that different habitat types and their associated 
biota are identified at scales within which management occurs (Stevens 2002), which is 
typically 10-100 km for estuaries and 100-1000 km for marine environments. Habitat 
types must thus be identified using the types of variables that are likely to delineate 
various marine and estuarine habitat types at such scales. 
 
1.3.1  Nearhore coastal and estuarine habitat classification schemes 
A habitat classification scheme is a set of “procedures that are used to identify, 
delimit and describe the habitats of fauna” (Robinson & Levings 1995). Such schemes 
provide managers and researchers of nearshore marine and estuarine systems with a 
sound basis for 1) identifying consistently, the various habitat types in a particular 
region, 2) designing regimes to sample the fauna in that region and thus ascertaining the 
relationships that exist between the environment and its biota, 3) understanding the 
spatial and temporal changes in the environment that influence the composition of 
faunal assemblages, 4) predicting the types of fauna that are likely to occur in any 
nearshore location and 5) developing strategies for conserving biodiversity and 
managing natural resources in nearshore marine and estuarine environments (Robinson 
& Levings 1995, Ward et al. 1999, Allee et al. 2000, Roff & Taylor 2000, Madden & 
Grossman 2004).    24
Many types of schemes, which differ widely in their design and philosophy, 
have been devised for classifying marine habitats. One of the main differences among 
such schemes is the extent to which faunal criteria are used to classify habitats. Some 
schemes have used differences in the distributions of particular fauna, such as 
invertebrates and fish, as the initial basis for classifying different habitat types 
(Niklitschek & Secor 2005, Ellis et al. 2006), while others are based entirely on abiotic 
criteria (Dethier 1992, Schoch & Dethier 1996, Digby et al. 1998, Zacharias et al. 1998, 
Jay et al. 2000, Roff & Taylor 2000), and yet others have used a combination of both 
(IMCRA 1998, Mumby & Harborne 1999, Zacharias et al. 1999, Allee et al. 2000, 
Banks & Skilleter 2002, Connor et al. 2004, Madden & Grossman 2004). The 
advantage of using abiotic criteria to classify habitats is the ability of the resultant 
classification to relate to a range of nearshore biota, rather than only a single type. 
Furthermore, abiotic criteria that are largely enduring, i.e. those that do not display 
significant temporal variation, can be measured easily, accurately and over large spatial 
scales from widely obtainable remote sources, such as bathymetric charts and aerial 
photographs (Allee et al. 2000, Roff & Taylor 2000). 
Nearshore habitat classification schemes also vary widely according to the 
spatial scales at which they are most useful. Marine and estuarine schemes developed 
for use at national scales, i.e. >1000 (Digby et al. 1998, IMCRA 1998, Zacharias et al. 
1998, Allee et al. 2000), which are often based on large-scale oceanographic and 
climatic data, generally distinguish very large, broad habitat types, and few species are 
distributed over such large scales. At the other extreme, schemes developed for small 
and highly local-scales, i.e. 1-10s km (Schoch & Dethier 1996) produce habitat types 
defined by detailed environmental criteria. However such habitat types are often too 
small to be used to identify patterns in habitat/faunal relationships, as many species are 
distributed well beyond these spatial ranges (Underwood et al. 2000). Schemes devised   25
for use at regional scales, i.e. 100-1000s and 10-100 km for marine and estuarine 
environments, respectively (Dethier 1992, Zacharias et al. 1999, Allee et al. 2000, Jay 
et al. 2000, Roff & Taylor 2000, Banks & Skilleter 2002, Valesini et al. 2003, Madden 
& Grossman 2004) are often of the greatest value to environmental managers, since 
these spatial scales usually encompass both the ranges of many nearshore aquatic 
species and the scales at which such environments are managed. They are thus the most 
suitable foundations for the implementation of management plans.  
Finally, various nearshore marine and estuarine habitat classification schemes 
differ in the extent to which they employ quantitative criteria. Many schemes employ 
criteria that are largely objective, or only partly quantified (Dethier 1992, Allee et al. 
2000, Roff & Taylor 2000, Connor et al. 2004). However, a fully quantitative scheme 
allows researchers to repeat consistently the measurements of the classification criteria 
and these criteria may also be applied reliably to areas other than that in which the 
scheme was initially developed (Valesini et al. 2003). Furthermore, a quantitative 
classification scheme allows researchers to distinguish habitat types that are 
significantly different from each other and investigate statistically, the extent of the 
match between habitats and quantitative information on faunal abundance. It thus 
provides a sound basis for the better understanding of habitat-faunal relationships 
(Valesini et al. 2004). 
1.4  The nearshore marine and estuarine environments of lower Western 
Australia 
The nearshore coastal environment of the lower west coast of Australia contains 
a diverse range of both marine and estuarine habitats. This region experiences a 
Mediterranean climate, with hot, dry summers and mild winters. Approximately 70% of 
the rainfall in this region occurs between May and September and is mainly a   26
consequence of cold fronts that move from west to east across Australia at that time of 
year (Hope et al. 2006).  
The coastal area consists of a 40-50 km wide continental shelf with a gentle 
gradient and experiences diurnal tides with the mean tidal range being less than 0.5 m 
(i.e. microtidal) (Hegge et al. 1996, Lemm et al. 1999). During winter (June to August), 
a belt of mid-latidude anticyclonic high pressure systems is displaced northwards and 
becomes located over the southern part of the continent. These high pressure systems 
produce strong winds that generate cold fronts and swell waves that approach the 
coastline from a west, south-west and northwest direction (Hope et al. 2006). However, 
this swell and storm wave activity is attenuated appreciably by a chain of shallow 
limestone reefs and islands that are located approximately 8 km offshore and extend 
about 600 km along the coastline. Thus, swell-wave heights at the shores in this region 
are generally less than 1 m (Pattiaratchi et al. 1997). During summer (December to 
February), these high pressure systems are located to the south of the continent and 
Trade winds produce predominantly easterly winds and swell waves are minimal 
(Gentili 1971).  
The characteristics of locally-generated waves are also highly seasonal and tend 
to modify swell wave action in this region. During summer, they are generated 
predominantly by an energetic diurnal land-sea breeze system. This wind system, which 
is one of the strongest of its type in the world, plays a significant role, not only in 
generating seas in this region but in littoral sand transport (Lemm et al. 1999). The 
onset of the seabreeze, which blows almost parallel to the shore, generates waves that 
approach the shoreline from the south to southwest and a strong northward flowing 
alongshore current. This results in an almost continuous band of suspended sand during 
the summer months, with patterns of erosion and deposition occurring throughout the 
region, depending on the shape and aspect of the coastline. During the winter, local   27
winds are substantially more variable and may prevail from the north, west and south 
quadrants. Northwesterly storms at this time of the year cause a reversal in alongshore 
currents and thus sediment is transported southward, often resulting in the opposite 
patterns of erosion and deposition to those that occurred during summer (Pattiaratchi et 
al. 1997). This seasonality in local winds is thus highly important in controlling the 
accumulations of sediment in this region. 
The estuaries of the lower west coast of Australia are located on a wide, sandy 
coastal plain and typically comprise a short, narrow entrance channel, one or two large 
central basins and the saline lower reaches of the tributary rivers (Stephens & Imberger 
1996). The strong alongshore currents that operate along the coast contribute to the 
accumulation of marine sediment (bars) at the mouths of estuaries in this region, but 
most are kept permanently open artificially. The tidal range of these estuaries is reduced 
to ca 80% of that along the coast, i.e. to about 0.1 m, and these tides are further 
attenuated, on average, by ca 1% per kilometre upstream (Hamilton et al. 2001). In both 
nearshore marine and estuarine waters, these small tides are often overridden by 
changes in water levels caused by atmospheric effects and storm surge (Pattiaratchi et 
al. 1997, Hope et al. 2006). The volume of river discharge that enters the estuaries 
along the lower west coast of Australia undergoes marked and predictable seasonal 
changes, due to the highly seasonal rainfall patterns in this region. This leads, in turn, to 
marked seasonal changes in salinity in these systems, which often fluctuates most 
widely in the saline reaches of the tributary rivers.  
The nearshore marine and estuarine habitats along the lower west coast of 
Australia contain a diverse range of substrate types, including muds, sands and rocky 
outcrops, which, in parts, support a diverse range of seagrasses and macroalgae 
Eighteen species of seagrass have been recorded in this coastal region, but the majority 
of the meadows comprise monospecific or mixed stands of Posidonia australis, p.   28
sinuosa, Amphibolis antartica and A. griffithii (Department of Environmental Protection 
1996). Only a few of those found along the coast are also found in estuaries, namely 
Halophila ovalis, Ruppia megacarpa, Zostera mucronata and Heterozostera sp., the 
former two of which are the most common (Hillman et al. 1995). Eighty-two 
macroalgal taxa have been recorded on limestone reefs in the northern coastal waters of 
the region, with the brown aglae Ecklonia radiata and Sargassum sp. being the most 
abundant species (Phillips et al. 1997). Macroalgal assemblages usually occur in 
peripheral regions of the lower reaches of the estuaries of this region and commonly 
include the rhodophyte Gracillaria comosa and the chlorophyte Chaetomorpha linum, 
both which grow over, but are not attached to, soft substrates. In contrast, the 
phaeophyte Cystoseira trinodis, which is also relatively common in these waters 
attaches to hard substrata. The upper reaches of these estuaries may also contain 
accumulations of G. comosa as well as of the green algae Chara sp (Astill & Lavery 
2001). 
 
1.5  Rationale and overall aims  
The characteristics of the ichthyofaunal assemblages of the nearshore marine 
and estuarine environments along the lower west coast of Australia have been studied 
extensively (Potter et al. 1983a, Lenanton et al. 1985, Loneragan et al. 1989, Loneragan 
& Potter 1990, Schafer et al. 2002, Young & Potter 2003, Valesini et al. 2004, Hourston 
et al. 2005, Hoeksema & Potter 2006). However, the benthic macroinvertebrate fauna of 
those waters have been studied in far less detail, and the few studies that have been 
undertaken have been conducted in restricted regions (Rose 1994, Kanandjembo et al. 
2001). 
Research on the east coast of Australia has shown that variations among benthic 
macroinvertebrate assemblages within the nearshore marine and estuarine waters of that   29
coast are related to spatial and temporal differences in environmental variables, such as 
wave action, sediment grain size, sedimentary chlorophyll and organic content, seagrass 
density, detatched plant and algal biomass, salinity, dissolved oxygen and river flow 
(Rainer 1981, Collett et al. 1984, Dexter 1984, Morrisey et al. 1992, Hutchings et al. 
1993, Haynes & Quinn 1995, James & Fairweather 1996, Edgar et al. 1999, Barros et 
al. 2001b, 2002, Edgar & Barrett 2002). The ability to determine, quantitatively, the 
spatial areas within which such variables were relatively homogeneous and/or displayed 
characteristic ranges, would enable identification of the different types of habitat 
associated with different assemblages. This information would be invaluable for 
researchers and managers of aquatic environments. However, since these variables 
change temporally, i.e. they are non-enduring; their measurement at scales that would 
be adequate for management purposes (100-1000 and 1-100 km for marine and 
estuarine environments, respectively) would be both time consuming and costly. 
Moreover, unless an extensive range of variables were measured, the resultant habitat 
types would not necessarily relate well to different types of fauna, e.g. fish, 
zooplankton, epibenthic and meiofauna, which also play ecologically important roles in 
aquatic environments and, in turn, influence the distributions of benthic 
macroinvertebrates through various biological interactions. 
In order to distinguish among the different habitat types which relate to 
differences in benthic macroinvertebrate assemblages, it would be advantageous to use 
variables which account for the range of non-enduring characteristics that influence 
them and other types of aquatic fauna. Such variables, i.e. enduring variables, are 
typically large scale features of the nearshore environment, e.g. fetch distances, aspect, 
distance to the wave shoaling margin, % cover of seagrass, sand, and/or rock within a 
given area, and have recently been used in a quantitative classification scheme to 
delineate nearshore marine habitats in south-western Australia (Valesini et al. 2003).   30
The habitats identified using these enduring variables were statistically matched to 
differences among the region’s nearshore fish assemblages and are also likely to reflect 
differences among its benthic macroinvertebrate assemblages. Such a match would 
further demonstrate the validity of the approach of Valesini et al. (2003) and its 
usefulness as a management tool and basis for marine ecological research. Furthermore, 
it would provide the basis for developing a new quantitative scheme to identify habitats 
for benthic macroinvertebrates and other aquatic fauna in south-western Australian 
estuaries.  
Previous work by Rose (1994) demonstrated that the benthic macroinvertebrate 
assemblages in the basin of the Swan Canning Estuary, one of the largest estuaries in 
south-western Australia, were relatively diverse. The level of eutrophication in the 
Swan-Canning estuary has increased since that time, and is reflected in the development 
of large and toxic algal blooms, which have led to massive fish mortalities (Swan River 
Trust Media Statement 20/9/03). The present study provides a unique opportunity to 
compare statistically, the current compositions of the benthic macroinvertebrate 
assemblages with those of the 1980s.  
The broad aims of this study are as follows: 
(1)  To test the hypothesis that the characteristics of the benthic macroinvertebrate 
assemblages of the different nearshore habitat types identified by Valesini et al. 
(2003) on the lower west coast of Australia differ significantly, and that such 
differences match those in the environmental characteristics that distinguish 
those habitat types.  
(2)  To develop a quantitative approach for classifying habitats in nearshore 
estuarine waters that employs readily-available data for a range of enduring 
environmental characteristics and to use that approach to classify the various 
habitat types present in nearshore waters of the Swan-Canning Estuary.    31
(3)  To test the hypothesis that the characteristics of the benthic macroinvertebrate 
assemblages in the different nearshore habitat types identified in the Swan-
Canning Estuary differ significantly and that such differences match those in the 
environmental characteristics that distinguish those habitat types.  
(4)  To test the hypothesis that, as a result of changes in the Swan-Canning Estuary, 
the characteristics of the benthic macroinvertebrate assemblages in different 
habitats in this estuary in 2003/4 differ from those recorded in the same habitats 
in 1986/7. 
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2  RELATIONSHIPS BETWEEN BENTHIC MACROINVERTEBRATE 
ASSEMBLAGES AND NEARSHORE MARINE HABITATS ON THE 
LOWER WEST COAST OF AUSTRALIA 
 
2.1  Introduction 
Numerous workers have explored the ways in which certain characteristics of 
benthic macroinvertebrate assemblages in sandy, nearshore marine environments are 
related to individual physical variables (e.g. Dexter 1984; Edgar 1990; Jaramillo & 
McLachlan 1993; Hutchings & Jacoby 1994). These workers have shown, for example, 
that the number of species and densities of benthic macroinvertebrates are typically 
inversely correlated with sediment grain-size and exposure to wave action and 
positively correlated with sedimentary organic content and the amount of detached and 
attached macrophytes. Thus, the distributions of these faunas are likely to reflect 
differences in suites of these types of environmental variables, which in turn distinguish 
different types of habitat for these fauna (Roff & Taylor 2000; Skilleter & Loneragan 
2003). However, the environmental variables that are traditionally investigated in 
attempts to determine the basis for the spatial patterns of benthic faunal distribution tend 
to undergo pronounced temporal changes, i.e. are non-enduring. An alternative basis for 
determining such patterns is to use a suite of enduring environmental variables, i.e. 
those which undergo little or no temporal change (Roff & Taylor 2000; Valesini et al. 
2003). The use of enduring environmental variables allows any association between 
faunal composition and habitat type to be determined using the same suite of 
environmental criteria for all times of the year (Valesini et al. 2004). 
Rigorous statistical exploration of the ways in which the characteristics of 
faunas are related to habitat types requires firstly, a method for distinguishing among 
those habitat types on the basis of sound quantitative data, and then the ability to 
correlate those measurements with quantitative data on species composition. For   33
example Valesini et al.(2003) demonstrated statistically that a suite of seven enduring 
environmental variables provided the best basis for quantitatively distinguishing among 
various habitat types present in nearshore waters along the lower west coast of 
Australia. These variables mainly reflected differences in the extent to which the habitat 
types were exposed to wave activity and contained seagrass and nearshore reefs (see 
section 2.2.1). Subsequently, the pattern of spatial differences among the composition of 
fish faunas in those different habitats was shown, statistically, to be well correlated with 
that among the values for the seven enduring environmental variables that best 
characterised those habitat types (Valesini et al. 2004). The approaches developed in the 
latter study now enable the composition of the ichthyofauna at any nearshore site on the 
lower west coast of Australia to be reliably predicted, once that site has been designated 
statistically to its appropriate habitat type.  
A limited number of studies have focused on determining spatial and/or 
temporal characteristics of the benthic macroinvertebrate assemblages in sandy 
nearshore marine environments in Australia. Most of those have been undertaken on its 
east coast, where the beaches are exposed to higher levels of wave activity than on the 
lower west coast (Dexter 1984; James & Fairweather 1996; Barros et al. 2002). The few 
studies undertaken on the benthic macroinvertebrate assemblages of the low to 
moderate energy beaches on the lower west coast of Australia have focused either on 
determining overall densities or the densities of selected taxa (McLachlan & Hesp 1984; 
Edgar & Shaw 1995), or on making comparisons between assemblages at various sites 
that were selected on the basis of differences in a single environmental variable 
(McLachlan 1985).  
Several workers have shown that, aside from exhibiting differences in their 
characteristics among alongshore habitat types, nearshore benthic macroinvertebrate 
assemblages also differ among cross-shore zones, i.e. from the wave swash regions   34
higher on the beach face to the subtidal zone. Thus, the number of species, density and 
diversity of benthic macroinvertebrates typically increase from swash regions to 
shallow subtidal areas, where the environment is more stable due to it being covered by 
water for the whole tidal cycle (Borzone et al. 1996; McLachlan et al. 1996). However, 
while the species composition of the benthic macroinvertebrate fauna of subtidal and 
upper and lower swash zones within a habitat have been shown to vary significantly, 
few attempts have been made to compare such faunal compositions in corresponding 
zones of different habitat types (Jaramillo et al. 1993).  
Since environmental variables such as water temperature, sediment 
characteristics and food availability change throughout the year in nearshore marine 
areas, it follows that such variables are likely to influence the recruitment, growth and 
survival of the benthic macroinvertebrate species that occupy those waters (Brazeiro 
2001). Fewer attempts have been made to examine temporal than spatial variation in 
benthic macroinvertebrate assemblages, particularly among different types of sandy 
beach habitats within a geographical region, and previous studies have not detected 
strong seasonal trends (Dexter 1984; Morrisey et al. 1992; Constable 1999).  
During the present study, the densities of each benthic macroinvertebrate taxon 
in the sandy subtidal and lower and upper swash zones at each of six nearshore habitat 
types on the lower west coast of Australia were recorded seasonally for a year. These 
habitat types were the same as those identified and validated statistically by Valesini 
et al. (2003). The resultant data were used to test the following hypotheses.  
(i)  The number of species, density and diversity of benthic macroinvertebrates will 
be greatest in the habitat type that is least exposed to wave activity and contains 
areas of dense seagrass beds. 
(ii)  The overall species composition of the benthic macroinvertebrate faunas at the 
six habitat types will be significantly different.   35
(iii)  The extent of differences in the benthic macrofaunal composition among habitat 
types will be significantly correlated with the extent of differences among the 
enduring environmental characteristics that define those habitat types. 
(iv)  The number of species, density and diversity of the benthic macroinvertebrate 
assemblages in each habitat type will be greatest in the subtidal zone 
(v)  The number of species, density and diversity of the benthic macroinvertebrate 
assemblages in each habitat type will vary among seasons. 
This study also addresses whether single non-enduring environmental variables, 
such as volume of detached macrophytes, depth of redox discontinuity layer, sediment 
grain-size composition and organic content, differ among habitat types and, if so, 
whether they can help explain any observed spatial differences in the characteristics of 
the benthic macroinvertebrate fauna. 
 
2.2  Materials and Methods 
2.2.1  Study Area 
The microtidal  beaches of the lower western Australian coast (mean spring tidal 
range <0.5 m) are relatively protected from moderate oceanic swell by the presence of 
two offshore chains of limestone reefs and shallow sandy banks (Pattiaratchi et al. 
1997). However, gaps in these reefs and banks, the presence of offshore islands and 
headlands and variations in local bathymetry, coastline orientation and strength and 
direction of winds, result in the extent of swell and locally-generated seas varying 
markedly among beaches and seasons (Hegge et al. 1996; Pattiaratchi et al. 1997). The 
nearshore waters of this region are nutrient-poor due to prevention of oceanic upwelling 
by the warm Leeuwin current, which flows southward along the adjacent continental 
shelf (Johannes et al. 1994; Caputi et al. 1996).   36
This study focused on the six habitat types identified in the nearshore waters 
along this coastline by Valesini et al. (2003). The seven enduring environmental 
variables that were found in that study to be most important for distinguishing among 
the various habitat types were direct fetch, north-westerly fetch, minimum distance from 
the shoreline to the 2 m depth contour, distance from the shore to the first offshore reef 
chain along a south-westerly transect and the areas of nearshore substrate comprising 
bare sand, subtidal reef and seagrass. Each habitat type was represented by two 
sampling sites (Fig. 2.1). 
Habitat type 1 was highly sheltered from wave activity and contained areas of 
dense seagrass within 50 m of the shoreline, while habitat type 2 was moderately 
sheltered from wave activity, with areas of sparse seagrass present both within 50 m of 
the shoreline and further offshore. Habitat types 3-5 were subjected to moderate yet 
increasing levels of wave action. No seagrass beds were present in the vicinity of habitat 
type 3 (i.e. a predominantly sandy substrate), whereas there were seagrass beds >50 m 
offshore from habitat type 4, and habitat type 5 contained limestone reefs within 50 m 
of the shoreline. Habitat type 6 was relatively exposed to wave activity and had a bare 
sandy substrate. 
Three zones were sampled at each site. Zone A (upper swash) was the region 
between the high tide mark (i.e. drift line on upper shore) and the effluent line (i.e. point 
of groundwater outflow). Zone B (lower swash) was the region between the effluent line 
and the lower swash line (i.e. point at which the swash curls before breaking on to the 
beach). Zone C (subtidal) was located in waters where the average depth was ~ 1 m.  
 
2.2.2  Sampling regime 
Sampling was undertaken during daylight in each season between the summer 
and spring of 2000. The collection of replicate samples at each site was spread over 2-3   37
 
Figure 2.1  Map showing the six pairs of sampling sites, coded for habitat type, on the lower west 
coast of Australia.   38
weeks in the middle of each season to reduce the chances of the resultant data being 
unduly affected by an atypical sample (Morrisey et al. 1992).  
Five randomly-located sediment cores were collected from each of the three 
zones at both sites in each of the six habitat types in each season. The cylindrical corer 
was 11 cm in diameter, covered a surface area of 96 cm
2 and sampled to a depth of 15 
cm. The samples were preserved in 5% formalin buffered in seawater and wet-sieved 
through 500-μm mesh. Invertebrates retained on the mesh were removed from any 
remaining sediment using a dissecting microscope, identified to the lowest possible 
taxon and stored in 70% ethanol. The number of individuals of each taxon in each 
replicate sample was then converted to a density, i.e. number of individuals 0.1 m
-2. 
The non-enduring environmental characteristics measured at each site in each 
season were water temperature (°C), volume of any detached macrophytes on the 
beach-face (L), percentage contributions of various sediment grain-size fractions to the 
sediment, percentage contribution of particulate organic matter (POM) to that sediment 
and the depth of the redox discontinuity layer (i.e. the point at which the interstitial 
spaces in the sediment become depleted of oxygen).  
At each site on each sampling occasion, three replicate measurements of the 
water temperature were recorded in the middle of the water column and the volume of 
detached macrophytes accumulated between the base of the sand dunes and seaward 
limit of the swash zone was measured along a 50 m transect that was aligned parallel to 
the shoreline. Three randomly-located cores of sediment (3 cm diametre x 15 cm high) 
were also collected in each of the three zones in order to determine the sediment grain-
size composition and the contribution of sedimentary POM. The depth of the redox 
discontinuity layer in each core was then recorded to the nearest 1 mm. The contents of 
each core were then wet-sieved through nested meshes of 2000, 1000, 500, 250, 125 
and 63 μm (Wentworth 1922), with any sediment grains <63 μm being collected in a   39
base pan. The fraction of sediment retained on each mesh was dried at 80°C for 24 h 
and weighed, thereby enabling the percentage contributions of each grain-size fraction 
to each core sample to be calculated. Each sieve-fraction was then ashed at 550°C for 
2 h and reweighed to the nearest 1 mg. The sum of the ashed sediment weight was 
subtracted from the sum of the dried sediment weight for each core sample to determine 
its percentage contribution of POM (Heiri et al. 2001). 
 
2.2.3  Statistical analysis 
Differences in the characteristics of the benthic macrofaunal assemblages among 
habitats were investigated by treating samples taken at the pairs of sites representing 
each habitat type as 10 independent replicates.  This was considered the best approach 
for several reasons. Firstly, five replicate samples of the benthic fauna were required per 
site in order to adequately capture the potential variability in the distribution of that 
biota (Rose 1994). Moreover, in order to capture the variability that might occur within 
a habitat type, two representative sites were chosen at which to collect those replicates. 
While this design could justify treatment of sites as being nested within habitat types, 
more sites would be required in order to carry out rigorous statistical analyses. For 
example, at least four sites would be required to generate enough power to perform a 
nested Analysis of Similarities (ANOSIM; Clarke 1993) to test the null hypothesis that 
the composition of the benthic macroinvertebrate assemblages does not differ among 
habitat types (see section 2.2.3.4). Such a large number of sites, when considered in the 
context of the main purpose of this research (i.e. to investigate faunal differences 
between a considerable range of habitat types), is impractical given the time limitations 
of this study. While a Permutation Multivariate Analysis of Variance (PERMANOVA; 
Anderson 2005) test could have been used to overcome this problem, the ANOSIM test 
was considered more appropriate for testing such multivariate hypotheses, since it is   40
entirely non-parametric. In contrast, PERMANOVA is only partly parametric when 
more than one factor is being tested, i.e. it fits the full linear additive model to the 
distance matrix upon which the test is based (Anderson 2005). Such an assumption is 
unlikely to be entirely appropriate for multi-species data, since the distributions of those 
species with respect to the parameters in question are relatively unknown. 
In order to further determine whether it was justifiable to essentially ignore 
“site” as a factor and thus treat the samples collected at representative sites within a 
habitat as 10 independent replicates, two-way crossed (site x season) ANOSIM tests 
were used to elucidate whether the compositions of the benthic macroinvertebrate 
assemblages at each of the habitat types differed according to site. The null hypothesis 
that the compositions of the benthic macroinvertebrate assemblages did not differ 
between pairs of sites in the same habitat type was rejected if the significance level (p) 
was <5%. ANOSIM detected a significant difference between sites at two of the six 
habitat types. However, the R-statistic values between the pairs of sites within those 
habitat types never exceeded the mean R-statistic value based on the pairwise values 
between all pairs of sites. 
In view of the above considerations it was considered appropriate to treat the 
samples collected at the pairs of sites representing each habitat type as 10 independent 
replicates. 
 
2.2.3.1 Calculation of diversity indices 
The diversity of benthic macroinvertebrate assemblages has traditionally been 
measured using indices based on the number of species (e.g. Margalefs’ index, Pielou’s 
evenness index, Shannon-Weiner diversity index). However, the values derived for 
these indices do not account for differences in the overall taxonomic structure among 
various assemblages. This problem can be overcome by using average taxonomic   41
distinctness and variation in taxonomic distinctness indices (Warwick & Clarke 1995), 
which consider diversity in terms of richness and evenness throughout the taxonomic 
hierarchy, respectively. The studies that have produced data on these two indices have 
focused on meiobenthic nematode assemblages and to a lesser extent macrobenthic 
invertebrate assemblages and, in some cases, have used these indices to explore 
differences in the large-scale spatial variation of these biota (Warwick & Clarke 1995, 
1998; Clarke & Warwick 2001; Arvanitidis et al. 2002; Warwick et al. 2002). In such 
cases, the average taxonomic distinctness was shown to reflect differences in trophic 
diversity, i.e. feeding mechanisms. The values for these indices are thus also likely to 
vary among habitat types, and in at least one case, were lower for assemblages that 
inhabited sheltered muddy habitats than for those in clean, well-flushed sands (Warwick 
& Clarke 1995). 
Each benthic macroinvertebrate species was classified according to its respective 
genus, family, order, class and phylum, thus providing a list with inherent taxonomic 
structure of the benthic macroinvertebrate assemblages present along the lower west 
coast of Australia. The average taxonomic distinctness (Δ
+) and the variation in 
taxonomic distinctness (Λ
+) were calculated for each of the samples collected from each 
zone in each habitat type in each season using the DIVERSE routine in the PRIMER 5.2 
statistical package (Clarke & Gorley 2001). Average taxonomic distinctness is defined 
as the average path length connecting all pairs of species in a sample, based on their 
hierarchical classification in a standard Linnaean tree (Clarke & Warwick 2001). Each 
hierarchical level in the classification is a “weighted” step in the total path length 
connecting each pair of species, and each step length in the present study was weighted 
equally. Variation in taxonomic distinctness is a measure of the evenness of the 
distribution of species across the hierarchical categories of the taxonomic tree (Clarke & 
Warwick 2001).    42
 
2.2.3.2 Univariate analyses 
Prior to undertaking analysis of variance (ANOVA), the data for the number of 
species, overall densities, Δ
+ and Λ
+ of benthic macroinvertebrate assemblages, water 
temperature, % contribution of POM, depth of the redox discontinuity layer and volume 
of detached macrophyte accumulations at each site in each season were examined to 
ascertain which type of transformation, if any, was required to satisfy the assumptions 
of normality and constant variance (Clarke & Gorley 2001). Thus, for each variable, the 
relationships between the means and associated standard deviations for each zone at 
each site in each season were determined (Clarke & Gorley 2001). The strong linear 
relationships between the means and standard deviation of the first four and last variable 
showed that they each required a log10 (n+1) transformation, while the sixth and seventh 
variables necessitated fourth-root and square-root transformations, respectively. The 
fifth variable did not require transformation.  
The replicate values for each of the above variables were then subjected to either 
two- or three-way ANOVA to ascertain whether they differed significantly among 
habitat types, seasons and, except for water temperature and volume of detached 
macrophytes, also zones. The null hypothesis that the values for a dependent variable 
did not differ significantly among any independent variable was rejected if the 
significance level (p) was <0.05. When ANOVA showed that values for a dependent 
variable differed significantly according to any independent factor (i.e. main effect or 
interaction between independent factors), the means and 95% confidence intervals for 
the various levels of those factors were compared in order to determine where those 
differences occurred (K.R. Clarke pers. comm.).  
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2.2.3.3 Joint Δ
+ and Λ
+ analyses 
The relationships between Δ
+ and Λ
+ of the benthic macroinvertebrate 
assemblages at each habitat type in nearshore marine waters of south-western Australia 
were investigated in order to determine whether the values for each were representative 
of that for the benthic macroinvertebrate assemblages on the lower west coast of 
Australia. This was achieved, firstly by constructing 95% probability ellipses from 1000 
simulated values of Δ
+ and Λ
+, calculated for subsets of species of varying sizes (m) that 
were drawn at random from the regional species list (Warwick & Clarke 2001). The 
ranges of m were chosen to approximate the range in the number of species at each of 
the habitat types for each of the zones, individually, so that the appropriate 95% 
probability ellipses could be constructed. These 95% confidence ellipses defined the 
range of values for Δ
+ and Λ
+ that were expected for each of the different-sized subsets 
of species. Observed Δ
+ and Λ
+ co-ordinates that fell outside their relevant probability 
ellipses indicated significant departure from that expected for the benthic 
macroinvertebrate fauna along the lower west coast of Australia.  
 
2.2.3.4 Multivariate analyses 
The following multivariate analyses were carried out using the PRIMER 5.2 
statistical package (Clarke & Gorley 2001). The Bray-Curtis similarity coefficient was 
employed to construct a similarity matrix from the log10 (n+1) transformed densities of 
the various macroinvertebrate species in the replicate samples collected in each zone at 
both sites in each habitat type in each season. This matrix was then subjected to two- or 
three-dimensional non-metric multidimensional scaling (MDS) ordination, depending 
on the stress level of the resultant solutions. One-way and two-way crossed ANOSIM 
tests were carried out to ascertain whether the compositions of the benthic 
macroinvertebrate assemblages differed significantly among habitat types, zones and/or   44
seasons. The rationale for selecting the particular combinations of factors employed in 
each of these tests is provided in the Results. In each ANOSIM test, the null hypothesis 
that there were no significant differences among groups was rejected if the significance 
level (p) was <5%. The R-statistic value was used to ascertain the extent of any 
significant differences, i.e. values close to unity demonstrate that the compositions of 
samples in a group are more similar to each other than to those of samples from another 
group, while those close to zero demonstrate that the average similarity within and 
between groups are similar (Clarke & Gorley 2001). R-statistic values <0.1 were 
regarded as negligible. When ANOSIM detected a significant difference among a priori 
groups and the R-statistic was >0.1, Similarity Percentages (SIMPER; Clarke 1993) was 
used to identify which species typified each group and which contributed most to those 
differences.  
The square-root transformed percentage contributions of each sediment grain-
size fraction in each replicate samples collected at each site on each sampling occasion 
were subjected to the same multivariate procedures and tests as described above for the 
densities of benthic macroinvertebrates. 
The RELATE procedure was employed to determine, for each zone, whether the 
arrangement of the rank orders of similarity in the Bray-Curtis matrix constructed from 
the mean densities of the benthic macroinvertebrate species at the various sites 
representing habitat types 1 to 6 was significantly correlated with those in the following 
complementary matrices: (1) the Euclidean distance matrix derived from the values for 
seven environmental variables that best distinguished between those habitat types (see 
Valesini et al. 2003); and (2) the Euclidean distance matrices for each zone and season 
derived from the mean % contributions of the different sediment grain-size fractions and 
sedimentary POM, and depth of the redox discontinuity layer at each site representing 
each habitat type.    45
 
2.3  Results 
2.3.1  Benthic macroinvertebrate fauna 
Samples collected each of the six nearshore habitat types across all zones and 
seasons in 2000 yielded 43, 992 individuals, when the numbers in each sample are 
adjusted to 0.1 m
-2 and summed (Table 2.1). These samples contained 121 species 
representing eight phyla, namely Annelida, Crustacea, Mollusca, Sipuncula, Uniramia, 
Nematoda, Turbellaria and Porifera. The Polychaeta, Malacostraca and Bivalvia, which 
were the most speciose classes, were represented by 41, 35 and 21 species, respectively, 
and contributed 37.7, 22.6 and 10.1%, respectively, to the total number of individuals. 
The number of species and individuals recorded at the highly sheltered habitat 
type 1 were approximately five and two times greater, respectively, than those at each of 
the other five habitat types (Table 2.1). Six annelid species contributed about 60% to the 
total number of individuals collected at habitat type 1, while the bivalve Donacilla sp. 1 
comprised approximately 30% of the invertebrates at habitat type 2 (Table 2.1). The 
cumacean Leptocuma sp. ranked first in terms of abundance at habitat types 3 and 4, 
comprising approximately 30 and 18% of the individuals at those two habitat types, 
respectively. The insect Coelopid sp. comprised about 45% of the individuals in habitat 
type 5, while the amphipod Phoxocephalopsid sp. 1 and bivalve Donax columbella 
collectively represented ~ 50% of the individuals at the relatively exposed habitat 
type 6.   
4
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Table 2.1   Mean density (M), standard deviation (±1SD), percentage contributions to the total number of individuals (%C) and the rank by density (R) of the 
benthic macroinvertebrate taxa in samples collected at habitat types 1-6 in all zones and seasons during 2000. Each taxon has been assigned to its 
respective phyla (Ph) (A- Annelida, C- Crustacea, M- Mollusca, Si- Sipuncula, Un- Uniramia, N- Nematoda, T-Turbellaria and Po- Porifera) and 
predominant feeding mode (F) (Dp- deposit feeder, Dt- detritus feeder, S-suspension feeder, P- predator, U- Unknown). The number of taxa, number of 
samples collected and the total number of individuals (after the number of individuals in each sample had been adjusted to that in 0.1 m
-2) are also 
provided for each habitat type. 
 
       1  2  3  4  5  6 
 Ph  F    M  SD %C R M SD %C R  M SD %C R M SD %C R M  SD %C R M  SD %C R 
Enchytraid sp. 3  A  Dt   29.2 94.2 14.0 1         0.6 3.0 1.5 7         
Capitella sp. 1  A  Dp   25.7 53.6 12.3 2        0.4 1.7 1.9 8               
Capitella sp. 2  A  Dp   24.5 40.3 11.8 3                0.2 0.6  0.5 16 
Enchytraid sp. 1  A  Dt   17.4 52.5 8.3 4         1.8 8.1 4.5 4 0.2 0.9  0.5 16 
Eusyllinae spp.  A  Dt   15.9 33.4 7.6 5 0.6 2.6 1.9 11 0.2 0.9 0.6 17                 
Enchytraid sp. 2  A  Dt   15.4 38.3 7.4 6                         
Aricidea sp. A  Dp    7.3 28.8 3.5 7                         
Pseudopolydora sp. A  Dp    6.3 22.2 3.0 8                 1.2 5.1  3.3 6 
Phylo sp. 1  A  Dp    6.0 28.9 2.9 9 0.2 0.9 0.5 20              0.2 0.9  0.5 16 
Exogoninae spp.  A  Dp/P    5.6 12.7 2.7 10                         
Notomastus sp. A  Dp    5.6 20.4 2.7 10    0.1 0.4 0.3 23         0.3 1.3  0.7 12 
Donacilla sp. 2  M  S    5.4 18.0 2.6 12         0.2 0.9 1.0 17       0.7 1.7  1.9 9 
Kalliapseudid sp.  C  S/Dp    4.5 15.6 2.2 13                         
Muscid sp.  Un  Dt    4.0 19.6 1.9 14                         
Sipunculan sp. 2  Si  Dp    3.8 12.1 1.8 15         0.1 0.4 0.5 24               
Coelopid sp.  Un  Dt    3.7 9.9 1.8 15         0.1 0.4 0.5 24 18.2 84.5 45.5 1 0.1 0.4  0.2 19 
Mysella sp. 1  M  S    3.6 10.3 1.7 17    0.1 0.4 0.3 23                 
Spio sp. A  Dp    3.3 13.0 1.6 18 0.1 0.4 0.3 25 0.2 0.9 0.6 17 0.2 0.9 1.0 17               
Leptocuma sp.  C  Dp/S    2.8 8.8 1.3 19 3.9 16.6 12.3 2 8.3 34.0 29.1 1 3.2 15.7 17.7 1       2.3 8.5  6.2 5 
Pontodrilus litoralis  A Dt   1.7 4.9 0.8 20 0.3 0.9 0.8 14      0.5 2.2 1.3 9         
Staphilinid sp.  Un  Dt    1.7 5.3 0.8 20         0.2 0.9 0.4 15         
Polydora sp. A  Dp    1.5 4.1 0.7 22 0.1 0.4 0.3 25             0.1 0.4  0.2 19 
Tanais sp. C  Dp    1.5 5.4 0.7 22                        
Polydorella sp. A  Dp    0.9 2.8 0.4 24                         
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       1  2  3  4  5  6 
 Ph  F    M  SD %C R M SD %C R  M SD %C R M SD %C R M  SD %C R M  SD %C R 
Capitellid sp. 4  A  Dp    0.9 3.0 0.4 24                        
Oniscid sp. 1  C  Dt    0.8 2.1 0.4 24    0.1 0.4 0.3 23 0.2 0.6 1.0 17 6.0 21.7 14.9 3 3.0 8.3  8.3 4 
Marphysa sp. A  P    0.8 1.9 0.4 24                           
Exoediceroides sp. 1  C  U    0.6 1.6 0.3 28 0.7 2.6 2.2 9         0.1 0.4 0.2 20 0.3 0.9  0.7 12 
Exoediceroides sp. 2  C  U    0.6 3.0 0.3 28    0.4 1.3 1.2 13 0.1 0.4 0.5 24       0.1 0.4  0.2 19 
Phoxocephalopsid sp. 1  C  U    0.5 2.6 0.3 30 2.9 8.5 9.0 4 1.8 6.0 6.4 6 2.3 11.1 12.9 3 0.2 0.6 0.4 15 10.4 19.2  28.6 1 
Prionospio sp. A  Dp    0.5 2.6 0.3 30 0.3 1.3 0.8 14                        
Capitellid sp. 1  A  Dp    0.5 1.4 0.3 30                           
Nephtys gravereii  A P   0.4 1.5 0.2 33                           
Soletolina biradiata  M Dp    0.4 1.2 0.2 33                           
Phoxocephalopsid sp. 2  C  U    0.4 1.7 0.2 33 1.4 3.1 4.4 7      0.7 2.6 3.8 6 0.4 1.4 1.1 10 5.3 23.8  14.5 3 
Sipunculan sp. 1  Si  Dp    0.4 1.7 0.2 33 0.2 0.6 0.5 20      0.2 0.9 1.0 17               
Linga crassilirata  M S    0.4 1.7 0.2 33 0.1 0.4 0.3 25                        
Lysidice sp. A  P    0.4 1.3 0.2 33                           
Corophium minor  C Dt/S   0.3 1.3 0.1 39                   0.1 0.4  0.2 19 
Scoloplos  sp. A  Dt    0.3 0.9 0.1 39 1.9 6.5 6.0 5      0.3 1.3 1.4 10               
Diopatra sp. A  P    0.3 0.9 0.1 39                           
Oniscid sp. 2  C  Dt    0.2 0.9 0.1 42            0.3 0.9 0.6 11         
Septifer sp. M  S    0.2 0.9 0.1 42    0.1 0.4 0.3 23                   
Mysella sp. 2  M  S    0.2 0.6 0.1 42                           
Psammobiid sp.   M  Dp    0.2 0.6 0.1 42                           
Cyamid sp.  M  S    0.2 0.9 0.1 42                           
Pisionidens sp. A  Dp    0.1 0.4  <0.1 47         0.3 1.3 1.4 10 0.7 0.4 1.7 6 1.2 2.9  3.3 6 
Transorchestia sp. C  Dt    0.1 0.4  <0.1 47            0.1 0.4 0.2 20 0.1 0.4  0.2 19 
Gomphina sp. M  S    0.1 0.4  <0.1 47                   0.1 0.4  0.2 19 
Mandalotus sp. Un  Dt    0.1 0.4  <0.1 47         0.2 0.6 1.0 17 0.2 0.9 0.4 15         
Haplostylus sp. C  S    0.1 0.4  <0.1 47 0.5 1.5 1.6 12 0.4 1.0 1.2 13 0.2 0.9 1.0 17               
Poriferan sp.  Po  S    0.1 0.4  <0.1 47            0.2 0.9 0.4 15         
Microspio sp. A  Dp    0.1 0.4  <0.1 47 0.3 0.9 0.8 14 1.8 7.3 6.4 6    0.1 0.4 0.2 20         
Sipunculid sp.  Si  Dp    0.1 0.4  <0.1 47 0.1 0.4 0.3 25 0.2 0.9 0.6 17                   
Ceratonereis aquisetis  A Dt/Dp   0.1 0.4  <0.1 47 0.1 0.4 0.3 25 0.1 0.4 0.3 23                    
4
8
       1  2  3  4  5  6 
 Ph  F    M  SD %C R M SD %C R  M SD %C R M SD %C R M  SD %C R M  SD %C R 
Phylo sp.2 A  Dt    0.1 0.4  <0.1 47                            
Capitellid sp. 2  A  Dp    0.1 0.4  <0.1 47                            
Capitellid sp. 3  A  Dp    0.1 0.4  <0.1 47                            
Decamastus sp. A  Dp    0.1 0.4  <0.1 47                            
Caullierella sp. A  Dp    0.1 0.4  <0.1 47                            
Dodecaceria sp. A  Dp    0.1 0.4  <0.1 47                            
Waitangi sp. C  S    0.1 0.4  <0.1 47                            
Orthorrhapha sp.  Un  Dt    0.1 0.4  <0.1 47                            
Trachyselis sp. Un  Dt    0.1 0.4  <0.1 47                            
Ochthebius sp. Un  Dt    0.1 0.4  <0.1 47                            
Colon sp. Un  Dt    0.1 0.4  <0.1 47                            
Lucinid sp.  M  S    0.1 0.4  <0.1 47                            
Tellina sp. 2   M  S/Dp    0.1 0.4  <0.1 47                            
Tellina sp. 1   M  S/Dp    0.1 0.4  <0.1 47                            
Nucula sp. M  S    0.1 0.4  <0.1 47                            
Donacilla sp. 1  M  S         9.3 17.8 29.2 1  0.7 2.2 2.5 8  0.4 0.8  1.9 8         0.1 0.4  0.2 19 
Donax columbella  M S         3.0 5.0 9.3 3  2.8 6.9 9.8 3                   7.7 18.2  21.2 2 
Scolelepis carunculata  A S        1.8 3.7 5.7 6  0.6 1.2 2.1 10 3.0 7.3  16.3 2  0.2 0.6 0.4 15 0.3 1.3  0.7 12 
Exoediceroides sp. 3  C  U         1.3 3.9 4.1 8  2.0 7.2 7.1 5  1.0 4.3  5.3 5  0.1 0.4 0.2 20       
Uldanamia pillare  C U        0.7 2.4 2.2 9  0.2 0.6 0.6 17                     
Atheta sp. Un  Dt         0.4 0.8 1.1 13 3.5 14.1 12.3 2  0.5 1.5  2.9 7  0.3 0.7 0.6 11 0.1 0.4  0.2 19 
Hippa australis  C S/Dt        0.3 1.3 0.8 14 0.1 0.4 0.3 23 0.3 0.9  1.4 10 0.1 0.4 0.2 20 0.5 0.9  1.4 10 
Haploscoloplos sp. A  Dt         0.3 0.9 0.8 14       0.3 0.7  1.4 10              
Gynodiastylid sp. 2  C  U         0.3 0.7 0.8 14                            
Amphipod sp. 1  C  U         0.2 0.6 0.5 20              0.6 2.6 1.5 7          
Leptonereis sp. A  Dt/Dp         0.2 0.9 0.5 20                                
Nereis diversicolor  A Dt/Dp        0.2 0.6 0.5 20                                
Rhyncospio sp. A  Dp         0.1 0.4 0.3 25                                
Capitomastus sp. A  Dp         0.1 0.4 0.3 25                                
Heteromastus sp. A  Dp         0.1 0.4  0.3 25                                
Ophelid sp  A  Dp         0.1 0.4  0.3 25                                 
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       1  2  3  4  5  6 
 Ph  F    M  SD %C R M SD %C R  M SD %C R M SD %C R M  SD %C R M  SD %C R 
Cypridinodes sp. C  S         0.1 0.4  0.3 25                                
Gynodiastylid sp. 1  C  U         0.1 0.4  0.3 25                                
Gynodiastylid sp. 3  C  U         0.1 0.4  0.3 25                                
Scolelepis lamellicincta  A S              2.1 6.5  7.4 4 2.3 5.4 12.9 3 6.6 14.0 16.5 2         
Isocladus sp. C  Dt               0.7 1.7  2.5 8 0.1 0.4 0.5 24 0.3 0.7 0.6 11         
Golgingid sp.   Si  Dp               0.5 2.2  1.8 11    0.1 0.4 0.2 20         
Nematode sp  N  U               0.4 1.7  1.5 12                 
Gastrosaccus sorrentoensis C S               0.3 1.3  0.9 15       1 . 0 3 . 1   2.6 8 
Donax deltoides  M S                0.3 0.9  0.9 15 0.1 0.4 0.5 24          
Turbellarian sp.  T  U                0.2 0.6  0.6 17 0.3 0.7 1.4 10          
Ogyridid sp.  C  Dt                0.2 0.9  0.6 17             
Magelona sp. A  Dp                0.1 0.4  0.3 23       0 . 3 0 . 9   0.7 12 
Amphipod sp. 3  C  U                0.1 0.4  0.3 23 0.3 1.3 1.4 10 1.7 6.0 4.3 5       
Dirimus sp. C  U                0.1 0.4  0.3 23 0.1 0.4 0.5 24          
Glycera sp. A  Dp                0.1 0.4  0.3 23             
Amphipod sp. 2  C  U                       0.3 0.4 1.4 10 0.1 0.4 0.2 20       
Orbinia sp. A  Dt                       0.2 0.9 1.0 17          
Portunis pelagicus  C P/Dt                      0.1 0.4 0.5 24 0.3 1.3 0.6 11       
Talitrid sp. 1  C  Dt                       0.1 1.3 0.5 24 0.1 0.4 0.2 20       
Abraeinae sp.  Un  Dt                       0.1 0.4 0.5 24 0.1 0.4 0.2 20       
Mactrid sp.   M  S      0.1 0.4 0.5 24    0.1 0.4  0.2 19 
Eunice sp. A  P      0.1 0.4 0.5 24          
Mycopod sp.   C  S      0.1 0.4 0.5 24             
Birubius sp. C  U      0.1 0.4 0.5 24             
Exoediceroides sp. 4  C  U      0.1 0.4 0.5 24             
Decapod sp.  C  U      0.1 0.4 0.5 24             
Exosphaeroma sp. C  Dt      0.1 0.4 0.5 24             
Talitrid sp. 2  C  Dt         0.1 0.4 0.2 20         
Sphaeromatid sp.  C  Dt         0.1  0.4  0.2 20     
Haustorioidea sp.  C  U             0.4 0.8 1.0 11 
Conchostracan sp.  M  S             0.1 0.4 0.2 19  
5
0
       1  2  3  4  5  6 
 Ph  F    M  SD %C R M SD %C R  M SD %C R M SD %C R M  SD %C R M  SD %C R 
Epicodakei tatei  M S             0.1 0.4 0.2 19 
Glycymeris  radians  M U             0.1 0.4 0.2 19 
Glycymeris sp. M  U             0.1 0.4 0.2 19 
Musculista sp. M  S             0.1 0.4 0.2 19 
Number of taxa        70  36  32  39  30  32 
Overall mean density       209.2  32.4  28.8  18.9  40.4  36.9 
Number of samples       120  120  120  120  120  120 
Total no. individuals      25 104  3 888  3 456  2 268  4 848  4 428   51
2.3.1.1 Number of species and densities of benthic macroinvertebrates 
Three-way ANOVA showed that the mean number of species differed 
significantly among habitat types and zones but not among seasons, and that there was a 
significant two-way interaction between habitat type and zone (Table 2.2). Although the 
mean number of species was greatest in Zone C at habitat types 2, 3, 5 and especially 1, 
there was no tendency for it be greater or less  in Zones A and B at each habitat type 
(Fig. 2.2a). For Zone C, the mean number of species was far greater in habitat type 1 
than in any of the other five habitat types and, for Zones A and B, it was least at habitat 
type 5 (Fig. 2.2a).  
 
Table 2.2  Mean squares and their significance levels for ANOVA of the number of species, density 
Δ
+ and Λ
+  of benthic macroinvertebrates in Zones A, B and C at habitat types 1-6 during 
the summer, autumn, winter and spring in 2000. Df, degrees of freedom. Significant 
results have been highlighted in boldface. 
 
 Df No.  Species Density  Δ
+   Λ
+ 
     Main effects                 
         Habitat  5 0.21 <0.001 3.27 <0.001 1.48  0.001  3.50 <0.001
         Zone  2 0.36 <0.001 0.64 0.068 3.21  <0.001  3.32 <0.001
         Season  3 0.082 0.055 0.96 0.059 0.57  0.151  0.23  0.430
     Two-way interactions             
         Habitat x Zone  10 0.13 <0.001 0.38 0.058 2.02  0.043  1.30 <0.001
         Habitat x Season  15 0.03 0.550 0.31 0.484 0.69  0.786  0.09  0.983
         Zone x Season  6 0.03 0.406 0.22 0.352 0.306  0.450  0.42  0.141
     Three-way interactions             
        Habitat x Zone x Season 30 0.01 0.998 0.17 0.999 0.161  0.979  0.10  0.997
     Residual  72 0.03   0.39   0.315    0.25 
 
The mean density of benthic macroinvertebrates was significantly influenced by 
habitat type, but did not differ significantly among either zones or seasons (Table 2.2). 
This dependent variable was significantly greater at habitat type 1 than in each of the 
other five habitat types, which did not differ significantly from each other. The mean 
density of benthic macroinvertebrates at habitat type 1 was ~ ten times greater than at 
habitat types 3, 4 and 5 and ~ six times greater than at habitat types 2 and 6 (Fig. 2.2b).    52
 
Figure 2.2  Mean (± 95% CI) for (a) number of species (c) average taxonomic distinctness and (d) 
variation in taxonomic distinctness of benthic macroinvertebrates in zones A, B and C 
at habitats 1-6, and (b) densities of benthic macroinvertebrates at habitats 1-6. Data 
derived from samples collected seasonally in 2000. For the sake of clarity the overall 
mean (± 95% CI) is provided on each plot (denoted by black symbols and lines). 
 
The mean average taxonomic distinctness (Δ
+) and variation in taxonomic 
distinctness (Λ
+) were significantly influenced by both habitat type and zone, but not by  
season, and there was a significant two-way interaction between habitat type and zone 
(Table 2.2). The mean squares were greatest for zone in both cases. The mean Δ
+ was 
greatest in zone C in five of the six habitat types (1, 2, 3, 5, 6) and least in zone A in 
each habitat type except 5, but was greatest in zone A at habitat type 4 (Fig. 2.2c). For 
zones A and B, the mean Δ
+ was greatest at habitat type 6 and was least in habitat type 
5, while for zone C it was greatest in habitat type 1 and least in habitat type 4   53
(Fig. 2.2c). The mean Λ
+ was greatest in zone C and least in zone B in all habitat types, 
except in habitat type 1 where it was slightly lower in zone A than zone B and habitat 
type 3, where it did not differ significantly between zones (Fig. 2.2d). This variable was 
greatest for each zone in habitat type 1 and was least for each zone in habitat type 5. 
 
2.3.1.2 Joint Δ
+ and Λ
+ analyses 
Since ANOVA demonstrated that there was a significant habitat x zone 
interaction for both Δ
+ and Λ
+, joint analyses of these dependent variables at each 
habitat type were carried out separately for each zone. Thus, 95% probability ellipses 
for joint Δ
+ and Λ
+ values were calculated for a specified range of subsets of species and 
superimposed with the observed Δ
+ and Λ
+ values at each habitat type (Figs 2.3 a-d). In 
zones A and B, the points representing each habitat type fell within their respective 95% 
probability ellipses, indicating that the taxonomic structure of the species assemblages 
at each was representative of that for the entire region (Fig. 2.3a, b). In zone C, only the 
points representing habitat type 1 fell outside of its respective ellipse, which was due to 
a lower than expected Δ
+ and greater than expected Λ
+ (Figs 2.3d).  
 
2.3.1.3 Comparisons between assemblages in different habitat types 
One-way ANOSIMs, derived using the densities of each benthic 
macroinvertebrate taxon in each replicate sample, in each zone at each habitat in each 
season, showed that overall the species compositions of the benthic macroinvertebrate 
fauna differed significantly among habitat types, zones and seasons. The Global R-
statistic was greater for habitat type (0.222) than zone (0.126), while that for season was 
negligible (<0.1).  
Attention was next focused on examining the extent of the differences among 
habitat types after any confounding influences due either to differences among zones    54
 
Figure 2.3  Scatterplots of average taxonomic distinctness vs variation in taxonomic distinctness of 
benthic macroinvertebrate species in samples collected at each of habitat types 1-6 in 
all seasons in (a) Zone A, (b) Zone B, (c) habitat types 1-5 in Zone C and (d) habitat 
type 1 in Zone C. The number of species recorded at each habitat type and the relevant 
95% probability ellipses for simulations of different-sized subsets of species are also 
provided for each zone  
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and/or seasons had been removed. Thus, since one-way ANOSIM demonstrated that, 
after habitat type, the species compositions of the samples differed most among zones 
than seasons, two-way crossed habitat x season ANOSIM tests were performed 
separately for Zones A, B and C, but focusing only on the results for habitat. These tests 
demonstrated that, in Zones B and C, the species composition differed significantly 
overall among habitat types 1-6 (p=0.1%, Global R=0.116 and 0.327, respectively; 
Table 2.3a, b) and seasons (R-statistic<0.1, p=0.1%), whereas no such significant 
differences were detected for Zone A. Overall, Zone A was characterized by Oniscid sp. 
1, Isocladus sp., Coelopid sp., Atheta sp, and Enchytraid spp. 
 
Table 2.3  Significance levels (p%) and R-statistic values for both global and pairwise 
comparisons in two-way crossed habitat type x season ANOSIM tests of the 
benthic macroinvertebrate assemblages at habitat types 1-6 in (a) zone B and 
(b) zone C. Only the results for the habitat type component of these two-way 
crossed analyses are presented in the following tables. Significant results are 
highlighted in boldface. 
 
(a) Zone B (p=0.1%; Global R=0.116) 
 1 2 3 4 5 6 
  p  R  p  R  p  R  p  R  p  R  p  R 
1              
2 0.2  0.112            
3 0.1  0.139  23.6  0.018          
4 0.1  0.116  3.6 0.054  0.2 0.114        
5  0.1 0.144  0.1  0.123 0.1 0.159 0.2 0.105      
6 0.1  0.178  3.8 0.064  2.2  0.080  0.1 0.221 0.1 0.215     
 
 (b) Zone C (p=0.1%; Global R=0.327) 
  1 2 3 4 5 6 
  p  R  p  R  p  R  p  R  p  R  p  R 
1                  
2 0.1  0.689                
3 0.1  0.739  0.2  0.109           
4 0.1  0.731  15.1  0.028  0.3    0.086          
5 0.1  0.831  0.1  0.174  0.1    0.178  2.4    0.057     
6 0.1  0.642  0.6 0.095 0.8    0.073 0.2   0.110 0.1   0.147       
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Following separate ordinations of the densities of benthic macroinvertebrates in 
Zones B (Fig. 2.4a) and C (Fig. 2.4b), the majority of the samples from habitat type 1 
formed a discrete group, which, in the case of Zone C, was particularly tightly clustered.  
 
Figure 2.4  Three-dimensional MDS ordination of the densities of benthic macroinvertebrate 
species derived at habitat types 1-6 during each season in 2000 for (a) Zone B and 
(b) Zone C. 
 
For Zone B, pairwise comparisons demonstrated that, unlike the situation for 
habitat types 2, 3, 4 and 6, the faunal composition at habitat types 1 and 5 were each 
always significantly different from those in all other habitat types and, for each 
comparison, the R-statistic value lay between 0.1 and 0.2 (Table 2.3a). The highest R-  57
statistic values only exceeded 0.2 for habitat types 6 vs 4 and 5, for which the values 
were 0.221 and 0.225, respectively. The species that both typified and distinguished 
among the faunal compositions of the different habitat types in this zone are shown in 
Table 2.4. Each of those species exhibited relatively low densities and Sim/SD ratios, 
(i.e. <1). 
 
Table 2.4  Species detected by two-way crossed (habitat type x season) SIMPER as typifying 
the benthic macroinvertebrate assemblages in the lower swash zone (B) at six 
nearshore marine habitat types on lower west coast of Australia in 2000.  The % 
contribution of each species to the similarity of the compositions between samples 
within each habitat type is given. N.B. Only the habitat component of the two-way 
crossed test is shown. P, Polychaete; A, Amphipod; B, Bivalve; Br, Brachyuran 
 
 Typifying  Species 
Average 
density 
 (0.1 m
-1)  Sim/SD %C 
Habitat type 1  Capitella sp. 2 (P)  1.43  0.25  32.48 
  Eusyllinae (P)  0.95  0.29  32.35 
  Capitella sp. 1 (P)  0.56  0.14  8.4 
  Exogoninae (P)  0.53  0.10  8.28 
  Exoediceroides sp. 2 (A)  0.21  0.08  7.93 
  Mysella sp. 1 (B)  0.32  0.15  7.09 
Habitat type 2  Phoxocephalopsid sp. 1 (A)  0.39  0.15  28.27 
  Donacilla sp. (B)  1.30  0.17  25.19 
  Scolelepis carunculata (P)  0.65  0.16  24.83 
  Donax columbella (B) 0.89  0.18  21.71 
Habitat type 3  Donax columbella (B)  1.27  0.33  61.27 
  Scolelepis lamellicincta (P)  0.78  0.20  18.15 
  Microspio sp. (P)  0.39  0.14  8.66 
Habitat type 4  Scolelepis carunculata (P)  0.47  0.18  42.55 
  Exoediceroides sp. 3 (A)  0.34  0.18  36.26 
  Scolelepis lamellicincta (P)  0.19  0.10  21.19 
Habitat type 5  Scolelepis lamellicincta (P)  1.91  0.43  96.04 
Habitat type 6  Donax columbella (B) 2.14  0.33  38.78 
  Phoxocephalopsid sp. 1 (A)  1.20  0.28  31.35 
  Phoxocephalopsid sp. 2 (A)  0.66  0.19  12.63 
  Pisionidens sp. (P)  1.03  0.15  8.78 
  Hippa australis (Br) 0.45  0.16  5.12 
 
In Zone C, the composition of the benthic macroinvertebrate assemblage in each 
habitat type differed significantly from that in each other habitat type, except for those 
in habitat types 2 vs 4 (Table 2.3b). The differences in faunal composition were greatest 
for those at habitat type 1 vs each of the other habitat types (R=0.642 to 0.831) and 
these were far greater than any of those in Zone B (all <0.221). The highest R-statistic 
values for each possible pairwise comparison between the fauna in habitat types 2 to 6   58
in this zone were only 0.174 and 0.178, i.e. for habitat types 5 vs both 2 and 3, 
respectively. Two-way crossed (habitat type x season) SIMPER showed that the species 
composition at habitat type 1 was characterized by Eusyllinae spp., Capitella sp. 1 and 
2, Aricidea sp. and Marphysa sp. (Table 2.5).  The first three species were the only 
typifying species that were relatively abundant and exhibited Sim/SD ratios greater than 
0.6. Scolelepis lamellicincta typified the subtidal fauna at habitat type 5 and 
distinguished the fauna at this habitat type from those at all others (Table 2.5).  
 
Table 2.5  Species detected by two-way crossed (habitat type x season) SIMPER as typifying 
the benthic macroinvertebrate assemblages in the subtidal zone (C) at six 
nearshore marine habitat types on lower west coast of Australia in 2000.  The 
species that have the greatest ratio of similarity to standard deviation (Sim/SD), 
i.e. >0.6, have been highlighted for each habitat type. The % contribution of each 
species to the similarity of the compositions between samples within each habitat 
type is also given. N.B. Only the habitat component of the two-way crossed test is 
shown. P, Polychaete; A, Amphipod; B, Bivalve; C, Cumacean; S, Sipuculan.  
 
 
 Typifying  Species 
Average 
density 
(0.1 m
-1) 
Sim/SD %C 
Habitat type 1  Capitella sp. 2 (P)  15.22  0.85  23.85 
  Capitella sp. 1 (P)  13.22  0.75  19.28 
 Eusyllinae  (P)  10.71  0.69  15.41 
  Exogoninae sp. 1 (P)  1.57  0.31  5.24 
  Aricidea sp. (P)  2.97  0.41  5.00 
Habitat type 2  Scolelepis carunculata (P)  1.13  0.26  27.65 
  Scoloplos sp. (P)  0.69  0.15  19.8 
  Leptocuma sp. 1 (C)  0.79  0.19  14.37 
  Donacilla sp. (B)  0.49  0.18  14.24 
  Phylo sp. 1 (P)  0.17  0.08  5.75 
Habitat type 3  Leptocuma sp. 1 (C)  1.68  0.45  83.18 
  Golgingid sp. (S)  0.30  0.14  6.07 
Habitat type 4  Scolelepis lamellicincta (P) 1.07  0.31 39.03 
  Scolelepis carunculata (P)  0.57  0.2  24.81 
  Leptocuma sp. 1 (C)  0.58  0.2  14.5 
  Phoxocephalopsid sp. 1 A)  0.64  0.2  12.32 
Habitat type 5  Scolelepis lamellicincta (P) 1.31  0.29  88.2 
  Phoxocephalopsid sp. 2 (A)  0.29  0.1  11.8 
Habitat type 6  Leptocuma sp. 1 (C)  1.25  0.3  47.38 
  Phoxocephalopsid sp. 1 (A)  0.88  0.2  22.46 
  Donax columbella (B) 0.44  0.11  10.51 
  Pisionidens sp. (P)  0.34  0.14  9.26 
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2.3.1.4 Comparisons between assemblages in different zones and seasons for each 
habitat type 
Zone x season ANOSIM tests, derived using the densities of the various benthic 
macroinvertebrate taxa in each habitat type, showed that the species composition 
differed significantly among both of these factors. In habitat type 1, the Global R-
statistic was substantial for zone (0.424) but low for season (0.113) and <0.1 for both of 
these variables at habitat types 2 to 6. 
On the three-dimensional MDS ordination plot, derived using the densities of 
the benthic macroinvertebrate taxa in habitat type 1, the majority of the samples for 
Zone C formed a group on the right of the plot that was relatively well separated from 
those for Zones A and B (Fig. 2.5a). When the same data were coded for season, the 
groups of samples for summer and spring were well separated on the plot, while those 
for autumn and winter were more dispersed (Fig. 2.5b). 
ANOSIM pairwise comparisons among the samples for the three zones in 
habitat type 1 showed that the species composition in Zone C differed significantly from 
that in both Zones A and B (p=0.1%), for which the R-statistic values were 0.719 and 
0.502, respectively. Two way crossed (zone x season) SIMPER showed that the species 
assemblage in Zone A was typified by the oligochaetes Enchytraid spp. 3 and 4, the 
insects Coelopid sp. and Staphilinid sp., whereas those in Zones B and C were typified 
by Capitella spp. 1 and 2 and Eusyllinae spp. However, relatively higher densities of the 
latter three species in Zone C distinguished the fauna from that in Zone B. 
Pairwise comparisons among the samples for the various seasons at habitat type 
1 showed that the species compositions differed significantly between summer and 
winter and between spring and each of the other three seasons. The greatest differences 
were between spring and both summer and winter, with R-statistic values of 0.232 and 
0.180, respectively. In habitat type 1, the composition of the samples in spring was   60
distinguished from that in all other seasons by greater densities of Capitella sp. 2 and 
Mysella sp. 1, while that in summer was distinguished from that in winter by greater 
densities of Exogoninae spp. and lower densities of Capitella spp. 1 and 2. It is 
important to recognise that the species identified in the above SIMPER tests as 
typifying the compositions at any zone or season, each exhibited relatively low ratios 
Sim/SD ratios (i.e. < 1) and were thus relatively inconsistent at each. 
 
Figure 2.5  Three-dimensional MDS ordinations of the densities of benthic macroinvertebrate 
species in zones A, B and C at habitat type 1 during the summer, autumn, winter 
and spring in 2000, coded for a) zone and b) season. 
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2.3.2  Non-enduring environmental variables 
2.3.2.1 Water temperature and the volume of detached macrophytes 
Two-way ANOVA showed that water temperature differed significantly among 
habitat types and particularly among seasons and that there was a significant interaction 
between these main effects (Table 2.7). The mean water temperature was greatest in 
summer and least in winter in each habitat type and was similar in autumn and spring in 
all habitat types except 4 (Fig. 2.6a).  
When the mean volumes of detached macrophytes present on the beach at each 
of the six habitat types in each season were subjected to two-way ANOVA, significant 
differences were detected among both habitat types and seasons and the interaction 
between these two factors was also significant (Table 2.7). The lowest overall volumes 
of detached macrophytes were generally recorded at habitat type 6, followed by that at 
habitat type 1 (Fig. 2.6b). Moreover, the greatest volumes of detached macrophytes 
were usually recorded in autumn at the various habitat types, followed by those 
recorded in winter and spring. The weak habitat type x season interaction was caused 
mainly by large variations in this dependent variable among the six habitat types during 
summer. Thus, while the smallest volumes of detached macrophytes were recorded in 
summer at habitat types 1, 4 and 6, the greatest quantity was recorded in this season at 
habitat type 5. Furthermore, the extent of the seasonal differences in this environmental 
characteristic was especially high at habitat type 4, and particularly low at habitat 
types 1 and 6 (Fig. 2.6b).  
6
2
Table 2.6  Mean squares (MS) and their significance levels (p) for two-way ANOVA of water temperature and volume of detached macrophytes and three-way ANOVA 
of the depth of the redox discontinuity layer and contribution of particulate organic matter (POM) to the sediment at habitat types 1-6 during summer, 
autumn, winter and spring 2000 and also in Zones A, B and C for the latter two dependent variables. df, degrees of freedom. 
 
    Temperature      Detached 
macrophytes 
   Redox  depth    %C POM 
  df  MS  p   df MS  p    df MS  p    MS  p 
    Main effects                  
        Habitat  5  5.71  <0.001   5  6.55  <0.001    5  134.61  <0.001    1.52  <0.001 
        Season  3  450.73  <0.001   3  3.78  0.01    3 16.38  0.427   0.21  0.816 
        Zone                  2  178.47  <0.001    0.26  0.806 
    Two-way interactions                         
       Habitat x Season  15  100.71  <0.001   15  1.34  0.035    15 7.01  0.846   0.79  0.083 
       Habitat x Zone               10  42.22  <0.001    0.80  0.076 
       Zone x Season               6 9.92  0.742   0.77  0.085 
   Three-way interactions                       
      Habitat x Season x Zone               30 4.81  0.998   0.21  0.814 
    Residual  118 1.36      72  0.98      70 10.25    0.17   63
 
 
 
 
Figure 2.6  Mean (± 95% CI) of seasonal values of (a) water temperature and (b) volume of 
detached macrophytes at each habitat type and (c) the depth of the redox discontinuity 
layer in zones A, B and C, (d) the contributions of the various sediment grain size 
fractions and (e) the percentage contribution of sedimentary particulate organic 
matter (POM) at habitat types 1-6. For the sake of clarity, the overall mean (± 95% 
CI) is provided on plots a-c.   64
 
2.3.2.2 Sedimentary characteristics 
Three-way ANOVA showed that the depth of the redox discontinuity layer differed 
significantly among habitat types and zones and that there was a significant interaction 
between these main effects (Table 2.7). The mean square was slightly greater for zone 
than habitat type, both of which were far greater than that for the interaction. Although 
the mean redox depth in each habitat type was shallowest in Zone C at habitat types 2, 
3, 4 and particularly 1, it varied little among zones at the relatively exposed habitat 
types 5 and 6 (Fig. 2.6c). Moreover, there was little difference in the mean redox depth 
between zones A & B in each habitat type (Fig. 2.6c). The contribution of POM to the 
sediment differed significantly among habitat types, but not among zones or seasons 
(Table 2.7). The mean POM was greater at habitat type 1 than at all other habitat types 
and was greater at habitat type 3 than at habitat types 2, 4 5 and 6 (Fig. 2.6e).  
 
2.3.2.3 Comparisons between sediment grain-size compositions in different habitat 
types 
Although the grain-size compositions of the sediment samples was shown by 
one-way ANOSIMs to differ significantly among habitat types and zones (p=0.1%), the 
Global R-statistic values of 0.181 and 0.138, respectively, were low. Pairwise 
comparisons demonstrated that the difference among habitat types was largely 
attributable to differences between habitat type 5 and all other habitat types, with the R-
statistic values ranging from 0.442 to 0.541. The sediment at habitat type 5 was 
distinguished from that at the other habitat types by larger contributions of grain-size 
fractions ≥500 μm (see Fig. 2.6d for the overall contributions of the various grain-size 
fractions to the sediments at each habitat type). When the differences among habitat 
types were analysed separately for each zone (i.e. since the extent of the overall   65
differences in grain-size composition were next greatest for the latter factor), ANOSIM 
and SIMPER tests produced similar results (data not shown).  
In order to investigate the extent of any differences in sediment grain size 
composition among seasons and zones, two-way crossed (zone x season) ANOSIM tests 
were carried out for the data recorded in each habitat type. These tests showed that 
sediment grain-size differed significantly among zones only at habitat type 5 (p=2.6%, 
Global R=0.347), which was largely attributable to differences between Zones A and B 
(p=3.7%, R=0.688) and it was not influenced significantly by season in any habitat type. 
In habitat type 5, the sediment in Zone A contained significantly greater proportions of 
the 125 to 499-μm grain sizes and significantly lower proportions of grain-sizes >1000 
μm than that in Zone B. 
 
2.3.3  Relationships between faunal composition and the enduring environmental 
characteristics of habitat types 
The RELATE procedure was carried out between the matrix derived from the 
values for the enduring environmental characteristics that best distinguished among 
habitat types 1-6 and the three matrices derived from the faunal compositions at those 
habitat types in each of Zones A, B and C. These procedures showed that the 
arrangement of the rank order of similarities between these matrices were each 
significantly correlated (Rho = 0.389, 0.431 and 0.676, p=0.1, 0.3 and 1.9%, Zones A, B 
and C, respectively). However, the faunal matrices for Zones A, B and C were not 
significantly correlated with the corresponding matrices derived using data for the suite 
of non-enduring environmental variables (i.e. % contribution of each grain size fraction, 
POM, and redox depth) recorded at each habitat type (p>5%). 
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2.4  Discussion 
The number of benthic macroinvertebrate species found in the six habitat types 
identified in nearshore waters on the lower west coast of Australia ranged from 30 to 
70, which is slightly greater than the 12 to 48 species recorded by Dexter (1984) during 
seasonal sampling of four different nearshore habitats at a similar latitude on the east 
coast of Australia. This suggests that the diversity of benthic macroinvertebrates in the 
nearshore coastal waters is greater on the lower west than lower east coast of Australia. 
In contrast, the overall mean density of benthic macroinvertebrates recorded in this 
study (61.1 individuals 0.1 m
-2) was far less than the 94.1 individuals 0.1 m
-2 calculated 
from the data recorded by Dexter (1984) for nearshore sites on the east coast of 
Australia. The relatively low densities recorded in the current study may reflect the 
influence of the low concentrations of nutrients in these waters (Caputi et al. 1996) on 
the production of the phytoplankton and microphytobenthos that contribute to the diet 
of many benthic macroinvertebrates (Fauchald & Jumars 1979; Whitlatch 1981).  
The overall number of benthic macroinvertebrate species recorded during the 
present study (121) is far greater than the 37 to 53 species found during extensive 
sampling of sites in the Swan and Peel-Harvey estuaries during the 1980s (Rose 1994), 
which are located along the same stretch of western Australian coastline. In contrast, the 
overall mean density of benthic macroinvertebrates recorded in these nearshore marine 
waters (61.1 individuals 0.1 m
-2) is far less than both the ~1150 individuals 0.1 m
-2 
recorded in the middle regions of the Swan Estuary and the ~ 3000 individuals 0.1 m
-2 
recorded in the Peel-Harvey Estuary during the 1980s when that system was highly 
eutrophic (Rose 1994). These comparisons emphasize the marked extent to which, in 
south-western Australia, the benthic macroinvertebrate assemblages in nearshore coastal 
waters are far more speciose, but contain far fewer individuals than do estuaries.  
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2.4.1  Characteristics of benthic macroinvertebrate assemblages among habitat types 
This study demonstrated that the composition of benthic macroinvertebrates in 
nearshore waters along the lower west coast of Australia was influenced more by habitat 
type than by either zone or season. However, aside from the difference, in the subtidal 
zone, between the assemblage composition at habitat type 1 vs those at the remaining 
habitat types, the influence of habitat type overall was relatively weak, i.e. significant 
R-statistics between habitat types 2-6 in this zone ranged between 0.109 and 0.174. 
Such small differences between these assemblages were largely due to the relatively low 
densities and “patchy” distributions of the majority of the dominant species at each of 
these habitat types. 
Since habitat type 1 contained the greatest number of species, density, diversity 
and the most distinct fauna, it is highly relevant that this habitat type was the most 
sheltered from wave activity and contained dense seagrass. The low water turbulence 
and the ability of seagrass to stabilize sediments and dampen current and wave action 
would facilitate successful larval settlement and the retention of juveniles and adults in 
habitat type 1. Although no samples were taken within seagrass beds at any habitat, 
some of the detritus derived from the dense beds of seagrass present within the most 
protected habitat (1) would be deposited on neighboring areas of bare sand (Klummp et 
al. 1989). Indeed, the sedimentary organic material, to which seagrass detritus is a 
contributor, was found to be greatest in this habitat type. Seagrass detritus provides a 
substrate for epiphytic algae and bacteria, which each provide a food source for benthic 
macroinvertebrates (Klummp et al. 1989; Vizzini & Mazzola 2003). The number of 
species, densities and diversity of benthic macroinvertebrates also tend to be greatest in 
protected habitats in coastal regions elsewhere, particularly if they contain seagrass 
(Dexter 1984; Edgar 1990; Edgar & Shaw 1995).    68
The benthic macroinvertebrate assemblage in habitat type 1 was characterized 
by five soft-bodied polychaete taxa that were among the most abundant taxa in this 
habitat type and which were rare in the other five habitat types, i.e. Capitella spp. 1 and 
2 (Capitellidae), Eusyllinae spp. and Exogoninae spp. (Syllidae) and Aricidea sp. 
(Paraonidae). These polychaetes are sub-surface deposit-feeders (Fauchald & Jumars 
1979) and thus belong to a trophic group that typically attain high densities in 
environments in which turbulence is low and substantial amounts of organic material 
are able to settle and become incorporated into the subsurface sediment layer (Dexter 
1984; McLachlan & Turner 1994). Some workers have demonstrated that the presence 
of substantial amounts of a sedimentary organic food source allows different species of 
deposit-feeding polychaetes to coexist and attain elevated densities (Levinton 1989a; 
Bridges 1996). Furthermore, the absence of marked turbulence allows these deposit-
feeders to remain within the sediment without risk of becoming dislodged (Whitlatch 
1981; McLachlan et al. 1993).  
The faunal composition at habitat type 6, which was the most exposed to wave 
action, was characterized by five species of crustaceans, i.e. Phoxocephalopsid spp. 1 
and 2 (Amphipoda), Oniscid sp. (Isopoda), Hippa australis (Decapoda) and Leptocuma 
sp. (Cumacea), the bivalve mollusc Donax collumbella (Donacide) and the polychaete 
Pisionidens sp. (Pisionidae). These species possess either a hard exoskeleton, shell or 
cuticle and are mobile, which enable them to overcome the problems of living in the 
relatively turbulent conditions found in this type of habitat (McLachlan & Hesp 1984; 
Barnes 1987). Furthermore, turbulence suspends organic material in the water column 
and thereby provides a food source for the above six macroinvertebrate taxa that are 
capable of filtering food from the water column (Defeo et al. 1992; McLachlan et al. 
1993). Moreover, the frequent flushing of the interstitial spaces in the substrate of 
exposed habitats keeps the sediments in those habitat types clean and thereby provides   69
conditions crucial for the maintenance of the fine feeding structures of filter-feeders 
(McLusky & Elliot 1981).  
The faunal composition at habitat type 5, which was moderately exposed to 
wave action and contained nearshore reefs, was most distinct from that at habitat type 1 
in the case of the subtidal zone (C). The subtidal assemblage at this habitat type was 
characterised only by the filter-feeding polychaete Scolelepis lamellicincta and the 
amphipod Phoxocephalopsid sp. 1. Moreover, it is important to recognise that, like the 
species that characterised the other four habitat types, these species were found in 
considerably low numbers and occurred inconsistently. While S. lamellicincta also 
occurred at habitat types 2-4, it attained its greatest densities at habitat type 5. It thus 
appears to have an apparent affinity for environments where the moderate wave activity 
will lead to a sufficient suspension of organic material as a food source, and yet 
turbulence is not sufficiently strong to dislodge it from the sediment. Other species of 
Scolelepis, in similar environments in Tahiti, have been recorded rapidly retracting into 
the sediment at the approach of a wave, protruding their palps into a shallow film of 
water as the wave recedes and thus collecting organic material from the retreating water 
(Frouin et al. 1998). 
Although the composition of the benthic macroinvertebrate assemblages at the 
most sheltered habitat type (1) was considerably distinct from those at all other habitat 
types, the differences between the compositions at the remaining habitat types were 
either small or not significant. Moreover, those non-significant cases included some 
sequential pairs of habitat types, i.e. 2 vs 3, in Zone B and  3 vs 4 and 4 vs 5, in Zone C. 
This implies that the fauna changes gradually and progressively with changes in 
substrate type and wave action and therefore accounts for the bivalves D. columbella 
and Donacilla sp. 1, the polychaetes S. carunculata and S. lamellicincta and the 
cumacean Leptocuma sp. being among the suite of species that typified the fauna at   70
habitat types 2-6 in Zone B and/or C. The majority of these species are suspension 
feeders, and thus may also have an affinity for environments that exhibit, at least, 
moderate wave action. The small changes that occurred between the assemblages at 
those habitats types was related to differences in the relative importance of those species 
at each habitat type but also to the presence of additional typifying species at habitat 
types 2 (Scoloplos sp. and Phylo sp.) and 3 (Golgingid sp.) It is relevant that the latter 
three species, being soft bodied deposit feeders, typified those particular habitat types 
that exhibited the least amount of wave action among those that were moderately 
exposed. However, the fact that none of the above species were particularly abundant or 
consistent, also accounts for the low R-statistics between the assemblages at these 
habitat types. 
The faunal differences among habitat types were more marked in the subtidal 
zone (C) than in the lower swash zone (B) and no such differences were found in the 
upper swash zone (A). Since the environment in Zone C is far more physico-chemically 
stable than that in the other two zones, it is thus expected that its benthic 
macroinvertebrate fauna would exhibit less intra-habitat variation and be more likely to 
differ between habitat types. The above findings essentially parallel those recorded for 
other benthic macroinvertebrate communities along other temperate coastlines 
(Jaramillo et al. 1993). 
The joint Δ
+ and Λ
+ tests revealed that the taxonomic structure of the 
assemblages at the majority of the habitat types was reflective of that expected for the 
lower west coast of Australia. However, despite the fact that the assemblage at habitat 
type 1 contained the greatest mean numbers of species, mean Δ
+ and mean Λ
+ of all the 
habitat types, it fell outside its 95% confidence interval in the direction of greater than 
expected Λ
+, but lower than expected Δ
+. This is best explained by the fact that deposit 
feeders from the class Polychaeta dominated the fauna at this habitat type, and   71
proportionally fewer representatives of other higher taxonomic groups were recorded at 
this habitat type, relative to its number of species, than were recorded for the region. 
Although this habitat type, with its high sedimentary organic content and calm 
conditions, is capable of supporting a wider range of higher taxa relative to the other 
five habitat types, it comprised mainly those fauna that are able to optimize those 
conditions, i.e. in this case, deposit-feeders. The dominance of a particular feeding 
group, inherently, often represents a limited number of higher taxa.  
 
2.4.2  Characteristics of the benthic macroinvertebrate assemblages among zones 
and seasons 
The compositions of the benthic macroinvertebrate fauna differed markedly 
among zones only in the most sheltered habitat type (1), with the composition in the 
subtidal zone (C) differing considerably from that in both zones A and B, which receive 
variable amounts of wave swash. The relative lack of turbulence in Zone C leads to 
deposition of substantial amounts of particulate organic material, which provide a food 
source for the deposit-feeding polychaetes that were particularly speciose and abundant 
in this zone. Although present in lower densities, the same deposit-feeding species also 
typify Zone B in habitat type 1, presumably reflecting the fact that turbulence in the 
swash zone in this habitat type is relatively low.  
In Zone A, in which the sediment is never saturated and where detached 
macrophytes are often present, the fauna was characterized by a number of air-breathing 
and detritivorous oligochaetes and insects, as is often the case with macrofaunal 
assemblages in this type of zone elsewhere (Giere & Pfannkuche 1992; James & 
Fairweather 1996). The ability of the oligochaetes to burrow into damp sediment on the 
upper beach level and feed on decaying macrophytes makes these organisms ideally   72
adapted to living in this type of environment. In the case of insects, their exoskeleton 
protects them from desiccation during periods of low swash (Barnes 1987). 
The compositions of the benthic macroinvertebrate assemblages along the lower 
west coast of Australia also changed seasonally in habitat type 1. The composition was 
most distinct in spring, due to the presence of particularly large densities of Capitella 
sp. 2, a Eusyllinae species and Mysella sp. 1. These increases in density presumably 
reflect marked increases in reproductive activity in response to the increases in water 
temperature and light intensity that occur in this season (Barnes 1987).  
The lack of a significant difference in the composition of the benthic 
macroinvertebrate fauna among different zones and seasons at habitat types 2 to 6 
parallels the situation recorded for nearshore habitats elsewhere in which there is at least 
moderate water turbulence (Dexter 1984; Defeo et al. 1992; James & Fairweather 
1996). The lack of such differences has been attributed to greater intra-habitat spatial 
and temporal variations in the fauna of more exposed habitats, where environmental 
conditions are less stable. In this study, such small-scale variation may be attributed to 
faunal transportation between zones through the action of the moderate to relatively 
high wave activity found in habitat types 2-6.  
 
2.4.3  Relationships between faunal composition and habitat characteristics 
The RELATE procedure showed that, for each zone, the pattern of spatial 
differences in the benthic macroinvertebrate assemblages among habitat types was 
significantly correlated with that among the suite of enduring environmental 
characteristics that best distinguished those habitat types. This relationship is crucial in 
helping to explain the ways in which benthic macroinvertebrate fauna are distributed in 
nearshore waters along the lower west coast of Australia, particularly in light of the fact 
that the above faunal matrices were not significantly correlated to that constructed from   73
the suite of water quality and sediment characteristics measured at each site. Thus, the 
composition of the benthic macroinvertebrate fauna at any site along that coast can be 
predicted, once that site has been assigned to a habitat type on the basis of its enduring 
environmental characteristics (see Valesini et al. 2003). This predictive capacity will 
enable managers to set in place plans that will facilitate the conservation of coastal areas 
for a selected purpose. Such selection may be based on the need to maintain biodiversity 
or to conserve those habitats that are important in providing a source of invertebrate 
prey for selected fish species (e.g. Schafer et al. 2002; Hourston et al. 2004). In 
conclusion, it is emphasized that the relationship that has been established between the 
compositions of the benthic macroinvertebrate fauna and habitat types in nearshore 
waters along the lower west coast of Australia provides further support for the 
designation by Valesini et al. (2003) of each of those habitat types as distinct.  
   74
3  IDENTIFICATION AND CLASSIFICATION OF NEARSHORE HABITAT 
TYPES IN THE SWAN-CANNING ESTUARY 
 
3.1  Introduction 
The Swan-Canning Estuary, a large estuary in temperate south-western Australia 
around which the capital city of Perth is built, is being subjected to continuous 
environmental change due to both anthropogenic influences and climate change. 
Examples of anthropogenic modifications include the removal of ~ 72% of its native 
fringing and catchment vegetation and the subsequent use of the reclaimed land for 
urban infrastructure, industry and agriculture, as well as dredging, the realignment of 
banks and the installation of drains, jetties and marinas (Department of Environment 
2004; Swan Catchment Council 2004; Mayer et al. 2005). These modifications have 
increased surface runoff from its large (124 000 km
2) catchment and altered the 
hydrology of the estuary, which have led to increases in erosion, sedimentation, 
salinisation, the frequency of anoxia and quantity of nutrients and non-nutrient 
contaminant loads entering the system (Mayer 1989; Rate et al. 2000; Viney & 
Sivapalan 2001; Robson & Hamilton 2003; Swan Catchment Council 2004; Swan River 
Trust 2005a). These environmental changes have also led to fragmentation and loss of 
particular habitats, such as beds of the dominant seagrass in the system, Halophila 
ovalis (Hillman et al. 1995), and more recently to the development of acid sulfate 
leachate in the substrate (Appleyard et al. 2004). Furthermore, over the last 30 years, the 
annual rainfall in the Swan-Canning catchment has declined by 20%, thus leading to 
decreasing streamflow and groundwater supply and potentially to increasing salinisation 
(Rogers & Ruprecht 1999; Berti et al. 2004). Such environmental changes are common 
to many estuaries throughout the world and have been shown to have deleterious 
impacts on estuarine fauna (Frost et al. 1999; Inglis & Kross 2000; Ducrotoy & Ibanez 
2002; Warwick et al. 2002; Panfili et al. 2004; Kemp et al. 2005; Powers et al. 2005).   75
In many cases throughout the world, there is insufficient understanding of the 
implications for estuarine fauna of the types of environmental changes described above. 
For example, eutrophication, one of the most significant environmental impacts on the 
Swan-Canning Estuary, has contributed to the annual occurrence of intense blooms of 
particular types of phytoplankton species in the upper reaches of this system, especially 
over the last decade (Swan River Trust 2005a). Moreover, the composition of these 
phytoplankton assemblages has changed since the mid-1990s, with blooms of toxic 
blue-green algae and dinophytes occurring regularly since that time (Swan River Trust 
2005a). One of the most obvious effects of these blooms and their associated reductions 
in water quality, such as anoxia, turbidity and potential toxin production, are the large-
scale fish mortalities that have occurred regularly in recent years (Robson & Hamilton 
2003; Swan River Trust 2003, 2005b). Despite the severity of these events, there is little 
knowledge regarding their impacts of these mortality events on the overall structure of 
the fish assemblages in this system. Moreover, there is no documentation of the impacts 
of such blooms on the less visible faunal assemblages, such as benthic 
macroinvertebrates. These small benthic fauna would be especially prone to the effects 
of bottom water anoxia and, as they are either sessile or slow moving, their ability to 
seek refuge from localised perturbations is limited. 
Before the extent of the above impacts on estuarine fauna can be determined or 
the effect of any future changes predicted, it is important to recognise that estuarine 
systems comprise various types of habitats, each possessing its own ecological 
characteristics and likely to contain relatively distinct faunal assemblages. Many 
classification schemes have been developed to distinguish different types of habitats in 
aquatic systems in response to the above needs. They differ primarily in one or more of 
three main respects: 1) The types of variables that are employed as “classifiers”, (2) the 
scale at which they are applicable, i.e. national, regional, and/or local and 3) the degree   76
to which they are based on quantitative information. Such schemes are designed to 
reflect spatial changes in the compositions of faunal assemblages and, ultimately, be 
used as predictive tools (e.g. Dethier 1990; Schoch & Dethier 1996; Allee et al. 2000). 
Some researchers have used species distributions as habitat type classifiers. This 
approach not only requires extensive field sampling and analyses, but also results in 
habitats that reflect differences in only one or a limited range of different fauna (e.g. 
Connor et al. 2004). Conversely, environmental variables have also been used as 
classifiers in many different schemes. However, these are often variables that undergo 
pronounced temporal changes, (e.g. salinity, sediment grain size composition, turbidity, 
dissolved oxygen, and the amount of sedimentary organic material), and thus also 
require extensive in situ sampling and laboratory processing (e.g. Schoch & Dethier 
1996). Several researchers have suggested that enduring environmental characteristics, 
i.e. those that are not subject to change over a range of temporal scales, are appropriate 
surrogates for many of the above variables (Roff & Taylor 2000; Valesini et al. 2003). 
Thus, habitat types that are identified using enduring characteristics will remain as 
separate habitat types, irrespective of temporal changes in the magnitudes of non-
enduring environmental variables. Furthermore, as these variables can typically be 
easily measured from remote data sources such as maps and aerial photographs, they 
overcome the costs associated with in situ surveys (Roff et al. 2003).  
Relatively few of the habitat classification systems developed for aquatic 
systems at national or regional scales are useful for distinguishing ecologically 
meaningful habitat types within estuaries (Cowardin et al. 1979; Dethier 1990; Allee et 
al. 2000; Connor et al. 2004; Madden & Grossman 2004). These hierarchical 
classification systems can be used from broad national to local scales and are readily 
adaptable to both estuarine and coastal environments. However, these schemes are 
based on subjective interpretations of environmental characteristics, which, at   77
management (i.e. local) scales, tend to increase the risk of habitat type 
“misclassification” and thus cannot be applied reliably by different management bodies 
to consistently classify habitats in different areas. While there are also many local-scale 
mapping studies carried out within estuaries which have used remotely sensed imagery 
and GISs to identify the location of different environmental features, (e.g. Donoghue & 
Shennan 1987; Bryant et al. 1996; Hunter & Power 2002), few have used this data to 
develop schemes to classify estuarine habitats (e.g. Zharikov et al. 2005). 
Most of the above classification schemes are qualitative or, at best, only semi-
quantitative, in their approach. This greatly limits the extent to which quantitative 
relationships between habitat types and their faunas can be established (e.g. Valesini et 
al. 2003; Zharikov et al. 2005).  
Environmental managers and ecologists working in estuaries thus require a 
quantitative and adaptable method for classifying the various habitats within those 
systems at local scales. Such a scheme will facilitate firstly, the production of habitat 
type inventories, statistically-matched with suites of their characteristic species, which 
can be used as benchmarks against which future change can be detected. Secondly, it 
will facilitate detection of key habitat types, namely those that are representative, 
particularly biodiverse or important for certain species. This will greatly assist in 
identifying those areas that are the best candidates for designation as marine protected 
areas. Thirdly, it will facilitate the prediction of species that are most likely to occur at 
any site of interest. This latter ability will allow managers to make more informed 
decisions regarding the ecological impact of proposed environmental changes to any 
site within a system.  
This study has developed a quantitative method for classifying the various 
habitat types present in the Swan-Canning Estuary. This method has built on that 
developed by Valesini et al. (2003) for nearshore coastal waters in south-western   78
Australia. The current approach is similar to that of the previous method in that it 
considers that differences among habitat types are reflected by differences in a suite of 
enduring environmental variables (Valesini et al. 2003). However, Valesini et al. (2003) 
employed, in part, the use of a subjective classification of habitat types. While those 
habitat types were subsequently statistically validated, the current scheme improves on 
that method by employing a completely objective and quantitative approach.  
Thus, the primary aim of this component of the study was to develop an entirely 
quantitative method, employing a suite of enduring environmental characteristics, for 
classifying the various habitat types present in the Swan-Canning Estuary. It is 
envisaged that this approach could also be applied to other estuaries throughout the 
world. Additionally, a range of temporally-variable environmental characteristics were 
measured  in situ at eight of the resultant habitat types in summer and winter in 2005 to 
test the hypothesis that the extent of the differences in the in situ variables among 
habitat types would be reflected by those in the suite of enduring environmental 
variables used to define those habitat types. 
 
3.2  Materials and Methods 
3.2.1  Study Area 
3.2.1.1 Geomorphology 
The Swan-Canning Estuary is a permanently open, wave dominated estuary 
located on the lower west coast of Australia, stretching ~50 km inland from the coast at 
Fremantle (National Heritage Trust 2001). The greater catchment for this system, the 
Swan-Avon catchment, drains the Darling Plateau and covers an area of approximately 
124 000 km
2 (Fig. 3.1; Swan River Trust 2000). The catchment contains eleven 
tributaries, the largest of which is the Avon River, and four urban drains, which together 
constitute 99% of the estuary’s drainage (Peters & Donohue 2001).    79
 
 
 
 
 
Figure 3.1  The Swan-Avon catchment and Swan-Canning subcatchment.   80
The much smaller Swan-Canning catchment (2100 km
2) drains the Swan Coastal Plain, 
where the majority of Perth’s urban and industrial areas are located (Fig 3.1). The 
surface sediments of the region are generally sandy and have poor nutrient-binding 
capability (Swan River Trust 2001). 
The catchment experiences a Mediterranean climate, i.e. hot dry summers 
(maximum mean temperature: 30.0° C in February) and cool wet winters (maximum 
mean temperature: 17.4° C in July) and has a moderate to low rainfall, ranging from 
~150 mm yr
-1 in eastern regions to ~900 mm yr
-1 near the coast (Bureau of Meteorology 
2006). Seventy percent of this rainfall occurs between May and September.  
The estuary, which is ~ 36.3 km long and 3.6 km wide at its widest point, has a 
surface area of 37.6 km
2 (Fig. 3.2) (National Heritage Trust 2001). Its entrance to the 
ocean at the port city of Fremantle has been widened to ~0.9 km, and dredged to 13 m 
in order to accommodate an international shipping harbour. This entrance forms a 
narrow channel that is ~8 km in length and is fringed with limestone outcrops and sandy 
beaches (Swan River Trust 2001). Shallow waters (<5 m deep) are present within the 
channel between deeper waters located at its entrance (13 m deep) and Mosman Bay 
near its end (~21m deep) (Fig. 3.2). A wide, shallow basin (~1.2 km in length and 2 km 
wide) is located in the central regions of the estuary and contains vast sandflats. This 
basin, known as Melville Water, is constricted markedly at two locations upstream, 
leading into the second and much smaller basin, Perth Water, and the upper reaches of 
the Canning River (Fig 3.2). The Swan River (~2-3 m deep) is tidal upstream from 
Perth Water (~1 m deep) to the Middle Swan region, while the Canning River is tidal 
upstream to Kent Street Weir (Fig. 3.2) (Swan River Trust 2001).  
8
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Figure 3.2  The Swan-Canning Estuary. 
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3.2.1.2 Hydrology 
The Swan-Canning Estuary is subject to a tidal and wind regime that is typical 
of that experienced along the adjacent south-western Australian coastline. The tides in 
this region are predominantly diurnal and have a mean range of 0.6m (MLLW to 
MHHW) (Department of Defence 2003). The mean tidal range in the estuary is 0.4 m 
(MLLW to MHHW) (Department of Defence 2003). However, barometric pressure 
effects and the occasional occurrence of cyclones in surrounding regions generate shelf 
waves that usually override the microtidal conditions (Hamilton et al. 2001).  
Chains of reefs, islands and sandy banks located offshore of the entrance to the 
Swan-Canning Estuary provide extensive shelter from oceanic swell through wave 
refraction and attenuation and, as a result, swell wave action at the local coastline is 
relatively low, i.e. less than 1 m (Pattiaratchi et al. 1997; Masselink & Pattiaratchi 
2001a). Wave conditions within the estuary vary markedly, due to (i) large differences 
in fetch and the orientation of the shoreline with respect to prevailing winds and (ii) 
pronounced seasonal variations in local wind patterns. Thus, small fetches occur in the 
channel and upper reaches of the estuary, while large fetches occur in the wide central 
basin region. With respect to seasonal differences, the thermally-generated winds that 
predominate in summer, i.e. a land/sea breeze phenomenon, produce strong easterly 
winds in the mornings and south to southwesterly winds in the afternoons (Pattiaratchi 
et al. 1997; Eliot et al. 2006). These breezes (typically 20-25 knots), which reach storm 
velocities on some occasions, can generate significant wave action on east and 
west/southwest facing beaches with relatively long fetches (Masselink & Pattiaratchi 
2001b). For example, Eliot et al. (2006) recorded wave heights up to 0.47 m on Como 
beach, a western-facing beach in the central basin of the estuary, during periods of peak 
wind activity. In the winter months, storm-driven winds from the northwest to the   83
southwest also generate significant wave action in the estuary. Furthermore, tropical 
cyclones and mid-latitude depressions can occasionally generate strong northerly winds 
and thus waves in the estuary (Gentili 1971; Lemm et al. 1999). 
The hydrology of the Swan-Canning Estuary undergoes pronounced seasonal 
changes. During summer and autumn, tributary inputs are negligible or non-existent. 
Although the mean tidal range at Fremantle is small (0.6 m), the low rainfall and 
frequent high barometric pressure during those seasons facilitates the intrusion of a 
marine/brackish water “wedge” ~ 50 km upstream (Kurup et al. 1998; Thompson 1998). 
The upper reaches of the estuary are usually stratified at this time, with bottom waters 
usually exhibiting high salinities (e.g. 22-30, Swan River Trust 2004) and low oxygen 
levels (<2 mg l
-1), and surface waters that are fresher and more highly oxygenated 
(Douglas et al. 1997). The lower estuary is usually well flushed during this time, with 
low-nutrient marine water that is well oxygenated due to mixing by regular land and sea 
breezes (Stephens & Imberger 1996).  
The majority of the rainfall in the Swan-Canning catchment occurs in winter and 
spring (June to October), during which time pulses of fresh water flush the upper 
estuary and push the brackish “salt-wedge” to between 5 and 20 km from the estuary 
mouth (Kurup et al. 1998). As a result, the mid-upper estuary can experience salinities 
as low as ~5ppt and high dissolved oxygen concentrations. During winter, bottom 
waters of the lower estuary can be relatively turbulent due to friction between the 
seabed and overlying water and shear forces between freshwater and marine flow during 
the high tide, which results in regular sediment resuspension (Stephens & Imberger 
1996; Hamilton et al. 2001; Etemad-Shahidi & Imberger 2002).  
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3.2.1.3 Substrate and submerged vegetation 
The highly variable hydrology of the Swan-Canning Estuary, both seasonally 
and spatially, has contributed to differences in the types of substrate and submerged 
vegetation throughout the system. The middle to lower reaches of the estuary, which 
contain vast sand flats and smaller areas of limestone outcrops, are the most diverse in 
terms of submerged vegetation. Meadows (550–600 ha) of the seagrass Halophila 
ovalis, which is the dominant benthic plant in the estuary, occurs mainly in the shallow 
waters (<2 m deep) of these regions, constituting ~20% of the area of the main estuarine 
basin (Hillman et al. 1995). Less extensive beds of Zostera marina and Ruppia 
megacarpa also occur in the lower and middle reaches, respectively (Brearly 2005).  
The diverse macroalgal assemblages that are present in peripheral regions of the 
lower reaches, are dominated by the unattached rhodophyte Gracillaria comosa, and the 
chlorophytes Chaetomorpha linum, Ulva and Enteromorpha, and the attached 
phaeophyte Cystoseira trinodis, which attaches to hard substrata (Astill & Lavery 2001; 
Brearly 2005). The upper reaches of the estuary, which are dominated by soft muds and 
fine sands, are generally devoid of seagrasses, but accumulations of G. comosa are 
present and the green algae Chara sp. occurs on course rubble-like substrate (Astill & 
Lavery 2001). 
 
3.2.2  Overview of methodology 
The areas of the Swan-Canning Estuary selected for habitat classification were 
the shallow (<2m deep), peripheral areas of the estuary, extending from the eastern 
extent of the Inner Harbour, at the mouth of the estuary, to the upper limit of the tidal 
influence in both the Swan and Canning rivers, i.e. Middle Swan Bridge and Kent Street 
Weir, respectively (Fig 3.2).    85
The following broad approach was employed to classify the nearshore habitat types 
in the Swan-Canning Estuary: 
1.  A large number of environmentally diverse sites were selected throughout the 
estuary in order to encompass its range of habitat types. 
2.  Key enduring environmental variables were quantified at each site in a 
Geographic Information System using remotely-sensed images of the estuary. 
Such variables were chosen to reflect either (i) the type of substrate and 
submerged vegetation present, (ii) the extent of exposure to wave action or (iii) 
the location of the site within the estuary. These broad categories were 
represented by a total of 13 enduring environmental variables. 
3.  The data for the suite of environmental variables at each site was subjected to a 
range of multivariate statistical analyses to identify which groups of sites did not 
differ significantly in their environmental characteristics, and thus represented 
habitat types.  
The detailed methods undertaken in each of these components is described in more 
detail below. 
 
3.2.3  Site selection 
In order to select sites that provided a good representation of the diversity of the 
nearshore environmental throughout the Swan-Canning Estuary, several reconnaissance 
trips were undertaken throughout this system in different seasons. Bathymetric charts 
and high resolution aerial photographs of the estuary were also examined to provide an 
additional perspective. One-hundred and two sites were chosen to include at least two 
replicates of the potential habitat types throughout the estuary (Fig 3.3a). Each site was 
represented by a point on the shoreline and the aquatic area within a 100 m radius of 
that point (Fig. 3.3b).   
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Figure 3.3  Location of the 105 sites at which enduring environmental variables were measured in order to classify the various habitat types in the Swan-Canning 
Estuary   87
 
3.2.4  Quantifying enduring environmental variables 
3.2.4.1 Contributions of different substrate types and submerged vegetation using 
remotely sensed imagery 
3.2.4.2 Initial image processing 
A digitally georeferenced aerial photograph of the Swan-Canning Estuary was 
obtained from the Department of Land Information (Western Australia). The composite 
image consisted of a mosaic of images, taken during December 2003, and had a pixel to 
ground resolution of 1: 0.4 m.  
Nearshore and shallow waters in the channel and main basin were sufficiently 
clear to enable the substrate type and any submerged vegetation to be detected from the 
aerial photograph. However, due to tannin staining, the estuarine substrate in the upper 
Swan and Canning regions could not be discerned from these images.  
The usable portion of the original image was cut into two separate images using 
ER Mapper (v7) software as it was too large to process efficiently. These images 
represented the estuary channel and the main basin. Idrisi Kilimanjaro v14 software 
(Clark Labs 2004) was then used to convert each of these images into three raster files 
corresponding to the red, green and blue bands of the spectrum, i.e. bands 1, 2 and 3, 
respectively, and to carry out all subsequent image processing.  
High-density depth-sounding data recorded throughout the estuary was obtained 
from the Department of Planning and Infrastructure, Western Australia, and used to 
produce a vector point file in order to create digital bathymetric models of the estuary. 
This was achieved by using the TIN interpolation module to generate triangular 
irregular network models and then the TINSURF module to convert these models to 
raster images of the estuarine bathymetry, i.e. digital bathymetric models (Fig. 3.4 a, b). 
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Figure 3.4  Digital bathymetric models showing the depth (m) of the (a) channel and (b) basin 
in the Swan-Canning Estuary produced from high resolution depth sounding data 
obtained from the Department of Planning and Infrastructure, Western Australia.   89
Processing of the aerial images and bathymetric data in order to quantify the 
contributions of the various substrate and submerged vegetation types of the lower and 
middle reaches of the Swan-Canning Estuary included several steps, which are detailed 
below. It should be noted that although the following steps were carried out for each 
colour band of both the channel and basin sections of the aerial photograph, each of the 
following steps will be illustrated showing a single band for the basin area only. 
 
Masking unwanted areas 
All unwanted areas of the image, namely all terrestrial areas and those waters 
greater than 2 m in depth were initially masked out and thus not included in the 
classification, i.e. their pixels were assigned values of zero. Terrestrial areas were 
masked using a vector polygon file of an outline of the estuary, which was created 
digitally by tracing around the shoreline of the aerial image. This vector file was then 
converted to a Boolean raster image using the module RASTERVECTOR, thus 
producing an image in which all land areas were coded as zero and the estuary coded as 
one. Aquatic areas greater than 2 m deep were then masked by applying the module 
RECLASS to the digital bathymetric model for the relevant section of the estuary, thus 
creating a Boolean image with all waters greater than 2 m deep coded as zero, and those 
less than 2 m deep coded as one. IMAGE CALCULATOR was then used to multiply 
the terrestrial and aquatic masked Boolean images, thus providing a single masked 
image in which all land and also waters greater than 2 m deep were coded as zero and 
all waters less than 2 m deep were coded as one. IMAGE CALCULATOR was then 
used to multiply each band by this final mask (Fig. 3.5).   90
 
 
 
Figure 3.5  The (a) terrestrial/water mask. This image was combined with each band (e.g. 
band 1 (b)) using the IMAGE CALCULATOR in IDRISI v14 and then used in the 
substrate classification procedure for the Swan-Canning Estuary.   91
Removal of noise  
The masked image was then subjected to unstandardised Principle Components 
Analysis (PCA) to remove any “noise” that may have resulted from the misreading of 
light characteristics for some of the pixels on the day the photograph was taken. Thus, 
three component images, which accounted for the majority of the variation in the three 
bands, were produced from the masked images for each section of the estuary. 
Component images 1 and 2 accounted for 87% of the variance within the three bands, 
i.e. that which could be attributed to natural variation in the landscape, while the third 
component contributed the least (13%), i.e. that which could be attributed to “noise”. 
Thus, in order to create new bands that did not contain noise, the relevant eigenvector 
values for component images 1 and 2 were used to “reverse transform” each respective 
component image, while the eigenvector value for component image 3 was left out of 
the transformation. For example, to create the new Band 1, component images 1 and 2 
were multiplied by their respective eigenvector value in the row for Band 1 and then 
summed. The new Band 1 was then subjected to STRETCH so that its pixel values 
corresponded to byte values, i.e. they lay in the range 0-256. 
 
Removal of the influence of depth 
The influence of water depth on the level of light reaching the substrate surface 
was removed for each of the three new masked colour bands, using a modified version 
of the water column correction technique used by Lyzenga (1978) and published by 
Mumby and Edwards (2000). Thus, a ratio of attenuation coefficients (k
i/k
j) was 
calculated for selected pixels of a uniform substrate type at various depths for all 
possible pairs of bands using least squares regression analysis. For example to calculate 
k
band 1/k
band 2, the log10 transformed values for a given substrate type at different depths 
in band 1 were treated as the dependant variable and regressed against those for the   92
same pixels in band 2. The regression equation was then used to calculate the gradient 
of the resulting biplot, representing the ratio of attenuation coefficients (k
band 1/k
band 2). A 
depth-invariant image was then produced using the equation: 
 
Depth-invariant image band 1vs band 2 = ln(band 1) – [(k
band 1/k
band 2)* ln(band 2) 
 
A total of six depth-invariant images were produced from each combination of 
the original three bands for lower and middle sections of the Swan-Canning Estuary.  
The above procedure, combined with the removal of noise, resulted in images of 
the lower and middle sections of the estuary in which the differences between the 
spectral signatures of the various substrate and submerged vegetation classes were 
maximally enhanced and thus easier to classify. 
 
Classification of different substrate and submerged vegetation types  
To organise the pixel values in each image into different substrate/submerged 
vegetation classes, the six images and a raster mask image of the location of each site 
(delineated with its 100 m arc) were then subjected to CLUSTER analysis, an 
unsupervised method of digital image classification. Peaks in the range of pixel values 
across all images were identified, and each pixel was assigned to a class on the basis of 
that peak to which it most closely corresponded (Clark Labs 2004). Ten classes, whose 
actual identities were, at this stage, unidentified, were produced from this classification 
procedure (Fig. 3.6a).    93
 
 
 
Figure 3.6  (a) The ten class substrate/submerged vegetation map produced by the CLUSTER 
module in IDRISI Kilimanjaro v14, and (b) the three class map produced by 
combining the above classes after sufficient groundtruthing had identified each of 
them as bare sand, vegetation and rock/vegetation.   94
Groundtruthing of substrate and submerged vegetation classes and field data collection 
Groundtruthing of the various substrate/submerged vegetation types recognised 
by the above classification procedure was required to determine their identity. This was 
achieved by firstly nominating a subplot (the area within a 5 m radius of a central point) 
within each different substrate/submerged vegetation class at each site. Thus, 200 sub-
plots were distributed throughout the 102 study sites in the Swan-Canning Estuary. 
Each subplot was then visited and its substrate type recorded. When compared with the 
image produced by CLUSTER, the groundtruthed data showed that six of the classified 
classes were bare substrates and three were seagrasses, and that each had been classified 
separately, largely on the basis of different light conditions. The different light 
conditions resulted from the images comprising a number of mosaic images that were 
acquired at different times of the day. Thus, the ten substrate/submerged vegetation 
classes produced by the CLUSTER analysis were combined into three broad groups, i.e. 
bare substrate, vegetation and rock (Fig. 3.6b).  
In order to determine the accuracy of the resultant three-class substrate map, the 
groundtruthing data recorded at each subplot was firstly assigned to one of the three 
broader classes. Information on the presence or absence of each of the above 
substrate/submerged vegetation types at each subplot was then extracted from the map. 
Thus, presence/absence data for each substrate/submerged vegetation type within each 
sub-plot was recorded in two separate matrices, i.e. one for the groundtruthed data and 
one for the data obtained from the map. These matrices were then directly compared, 
i.e. cell by cell, and assigned a score of 1 if they matched and 0 if they did not. The total 
number of matched cells was converted to a percentage to reflect the overall map 
accuracy, i.e. 74.4%. The number of matched cells for each individual class was also 
converted to a percentage and demonstrated that the accuracy for classifying bare 
substrate, vegetated substrate and rock was 70.5, 94.2 and 50.5%, respectively.   95
It should be noted that, because the original image consisted of a mosaic of 
smaller images, which were acquired at different times of the day, the different levels of 
light often resulted in highly variable pixel values for uniform substrate types. Thus, the 
accuracies of the three broad classes that were mapped were not entirely consistent 
throughout the estuary. In particular, the “rock” class showed the greatest inconsistency 
and a tendency to be confused with bare substrate at certain sites. 
 
Percentage contributions of different substrate types at each site 
The areas (m
2) of bare sand, rock and vegetated substrate classes at each site 
were calculated by inputting the three-class substrate/submerged vegetation map 
together with a raster file of the central location and surrounding area of each site into 
the module CROSSTAB. The percentage contributions of each substrate/submerged 
vegetation type to the total area of the site were then calculated. For those sites at which 
the type of substrate identified from the map was inconsistent with the ground-truthed 
data, field data were substituted for that calculated from the map.  
The substrate/submerged vegetation types at sites in the upper reaches of the 
Swan-Canning Estuary (i.e. those that could not be identified from aerial images), were 
quantified entirely from data collected in the field. Thus, at each of those sites, eight 
transects were spaced at 20 m intervals along the shoreline and extended 
perpendicularly to the edge of the 100 m arc delineating the site. The contributions of 
the different types of substrate/submerged vegetation that were present were visually 
estimated by snorkeling along each transect. The values for each substrate/submerged 
vegetation category were then meaned across all transects at a site. In addition to the 
bare sand, rock and vegetated substrate classes identified in the lower estuary, three 
additional substrate classes were identified in the upper reaches, i.e. snags, reeds and 
bivalve beds.   96
3.2.4.3 Quantification of wave exposure variables 
The enduring environmental variables that were measured to reflect the extent to 
which each site was exposed to wave activity were modified effective fetch along north, 
south, east and west bearings, modified effective direct fetch, modified effective 
distance to the two metre depth contour (i.e. the depth at which waves begin to shoal in 
this system) and average slope of the substrate. Each of these variables was measured 
using ARCGIS 9 software. Assistance was provided by M. Hourston (Murdoch 
University) in undertaking these measurements.  
The four primary data files used to calculate the wave exposure variables were 
as follows: (i) A vector line file of the coastline of the estuary, which included islands 
and structures such as bridges, marinas and jetties. This file was created by digitally 
tracing lines along the land water interface visible on the aerial photograph. (ii) A vector 
point file containing the easting and northing co-ordinates and unique site numbers for 
all study sites throughout the estuary. Coordinates for these sites were obtained in the 
field using a hand-held GPS with 3-5 m accuracy. (iii) The digital bathymetric model 
described in subsection 3.2.4.1 (see Fig. 3.5). (iv) A vector line file of the 2 m depth 
contour throughout the estuary. This file was created using the digital bathymetric 
model in the CONTOUR module in Idrisi Kilimanjaro v14. 
 
Fetches 
Modified Effective Fetch (MEF) (CERC, 1977) was calculated (in metres) for 
each of the four cardinal fetches, i.e. N, S, E and W, and for direct fetch. For any given 
fetch this measure incorporates a certain number of fetches that lie at set intervals to 
either side of it. Modified effective fetch was calculated using the following formula:   97
 
 
 
where Xi is the length of fetch “i” and γi is the angle of deviation from that line. 
Modified effective fetch provides a more robust measure of the wave exposure 
at a site than simply measuring fetch along a single bearing, since it captures the 
influence of wind that is generated from directions that lie slightly to the “left” and 
“right” of a given bearing. This is particularly important in environments such as 
estuaries, in which the coastlines often contain numerous fine-scale indentations and/or 
emergent features on the shoreline. Thus, the use of MEF compensates for the large 
impact that small-scale features, such as a group of boulders, can sometimes have upon 
a single-line fetch measurement, particularly in those situations in which fetches either 
side of such small features are large.  
Four component fetch lines located at 9º increments either side of each cardinal 
and direct fetch lines were used to calculate MEF, i.e. nine lines in total for each fetch 
(Fig. 3.7a). For example, to calculate a value for MEF in a westerly direction (i.e. 270º ) 
the lengths (Xi) for fetch lines 306 (γ=36), 297 (γ=27), 288 (γ=18), 279 (γ=9), 270 
(γ=0), 261 (γ=9), 252 (γ=18), 243 (γ=27) and 234 (γ=36) would be used in the above 
calculation, along with their respective angles of deviation (γ i). In order to calculate the 
direct fetch for a site, its aspect (facing direction) was first determined by drawing a 
straight line along the shoreline, which best represented its average direction and then 
constructing a line perpendicular to that along the shore. The MEF of that perpendicular 
line was then determined in the same manner as described above.  
Although fewer component fetch lines placed at wider increments from the 
central fetch line have traditionally been used to calculate MEF in nearshore marine    98
environments (CERC 1977), a more robust measure was used in this study due to the 
greater chance of encountering micro-scale features in estuarine waters. 
To determine the MEFs for each of the four cardinal directions at each site, the 
nine component fetch lines were extended over the water to the point where they each 
first intersected the opposite bank (Fig. 3.7a). Any lines that lay entirely on the land 
were deleted and their length recorded as zero. The lengths of the remaining lines were 
calculated using the XTools plugin module CALCULATE LENGTH and then exported 
to Microsoft Excel.  
 
Distance to the 2 m contour 
At each site, the distance from the shore to the 2m contour was determined by 
overlaying the nine component MEF lines and then trimming each at the point where 
they first intersected the 2m depth contour (Fig. 3.7b). The lengths of the 9 component 
lines were determined as described above. In the cases where a line did not intersect the 
2m depth contour, its distance to the opposite shoreline was calculated and used in the 
MEF calculation.  
 
Slope 
The average slope of the substrate within the 100 m arc surrounding the central 
point on the shore at each site was determined by inputting the digital bathymetric 
model of the estuary into the module SLOPE in Idrisi Kilimanjaro v14 with the raster 
image of each of the sites in each section of the estuary. The slope (degrees) of every 
plane surface was first calculated and then meaned for each site.   99
 
 
 
Figure 3.7  (a) Nine fetch lines used to calculate modified effective direct fetch from a central 
point on the shoreline. The direct fetch line is shown in green, while the four fetch 
lines located at 9° increments either side of the direct fetch are shown in red. (b) 
Nine lines used to calculate modified effective distance to the 2 m depth contour.   100
3.2.4.4 Location  
In order to determine the location of each site in the estuary, i.e. with respect to 
its distance to both marine and freshwater sources, a line extending from the mouth to 
the river heads and running through the middle axis of the estuary was first constructed. 
This midline was created using the outline of the estuary and finding the midpoint 
between opposing banks at numerous locations along the length of the estuary. These 
points were then linked to form a continuous midline. For each site, the minimum 
distance from its central point to the mid-line was determined, and the distance from 
each of those points along the midline to the estuary mouth was measured (Fig. 3.8). 
 
 
Figure 3.8  The minimum distances from the central points at a selection of sites, to the 
midline constructed through the longitudinal axis of the Swan-Canning Estuary. 
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3.2.5  Statistical methods for classifying habitat types 
Analysis of the data for the 13 enduring environmental variables measured at 
each of the 102 sites to identify the different habitat types throughout the Swan-Canning 
Estuary was carried out using various routines in the multivariate statistical package 
PRIMER v6 (Clarke & Gorley 2006). 
 
3.2.5.1 Data transformation, normalisation and weighting 
Data for the each of the 13 enduring environmental variables were examined 
using pairwise Draftsman plots in order to determine (1) the extent of any correlation 
between each pair of variables and (2) whether the distribution of each variable across 
sites was noticeably skewed and thus deviated considerably from normality. The 
correlation coefficients between each pair of variables were not high in any case, except 
for those between percentage contribution of bare sand and both seagrass and rock. 
Therefore, the former variable was removed from subsequent analyses. The 
distributions of samples for several of the variables were considerably left skewed and 
thus required some degree of transformation to approximate normality (see Table 3.1). 
Since several of the variables were measured in different units, and would thus 
be meaningless in terms of their distance apart in multi-dimensional space, subsequent 
normalisation of the data was necessary, i.e. for every value of each variable, 
subtracting the mean of that variable and dividing by its standard deviation. This 
resulted in each variable having a mean of zero and a variance of unity, with values for 
each variable ranging from -2 to +2 (dimensionless units) and each contributing equally 
to the resulting data matrix. 
In order to ensure that each of the three broad categories of environmental 
variables, i.e. substrate/submerged vegetation type, exposure to wave action or location 
within the estuary, contributed equally to the habitat classification procedure, each   102
variable was weighted on the basis of how many variables comprised the broad category 
to which it had been assigned. Thus, each of the three broad categories was assumed to 
contribute equal proportions (100%) to the overall data matrix, i.e. a total of 300%. The 
weight assigned to each variable was then calculated by dividing 100 by the number of 
variables that represented its broad category. For example, since the exposure category 
comprised seven variables, each variable that represented this category was assigned a 
weight of 14.28 (i.e. 100/7). The weights assigned to each environmental variable are 
given in Table 3.1.  
Manhattan distance was used to construct a resemblance matrix from the 
transformed, normalised and weighted data between every pair of the 102 sites. 
 
Table 3.1  Transformations and weight applied to each of the 13 enduring environmental 
variables used in the habitat classification procedure. MEF-Modified effective 
fetch. 
 
 Transformation  Weight 
Location (m)  Square root  100 
MEF direct fetch (m)  Square root  14.28 
MEF N fetch (m)  4
th root  14.28 
MEF S fetch (m)  4
th root  14.28 
MEF E fetch (m)  4
th root  14.28 
MEF W fetch (m)  4
th root  14.28 
MEF distance to 2m depth contour (m)  4
th root  14.28 
Slope (°)  4
th root  14.28 
% submerged vegetation  Square root  20 
% rock  Square root  20 
% snags  Square root  20 
% reeds  Square root  20 
% bivalve beds  Square root  20 
 
3.2.5.2 CLUSTER analysis and SIMPROF 
To identify the various groups of sites that did not differ significantly in terms of 
their enduring environmental variables and thus represented habitat types, the 
Manhattan distance matrix described in the previous subsection was subjected to 
hierarchical agglomerative clustering (CLUSTER) using group-average linkage and an 
associated Similarity Profiles (SIMPROF) test (Clarke & Gorley 2006). The latter 
routine has been developed only recently and is a permutation test that determines   103
whether there is any significant “grouping structure” for which there is no a priori 
grouping hypothesis. A resemblance profile is determined by ranking the resemblance 
matrix for the data and then a mean profile is calculated by randomising the order of 
each of the variables values and re-calculating the profile. A test statistic (Pi) is then 
calculated, which is the deviation of the actual data profile with the mean profile. This is 
compared with the deviations of further randomly generated profiles to test for 
significance. The null hypothesis (Ho), that resemblances between all samples are equal, 
i.e. not structured, was rejected if the significance level (p) was <1%. When used in 
conjunction with a CLUSTER analysis, SIMPROF performs a test at each node of the 
dendogram to determine whether the group of samples being subdivided contains any 
significant internal structure (Clarke & Gorley 2006). This routine thus enables the 
points in the hierarchical classification procedure at which samples within clusters are 
no longer significantly different from each other to be detected, and thus should not be 
further divided. Thus, by noting the points in the CLUSTER beyond which SIMPROF 
could not detect any further significant structure, the number of habitat types and the 
sites representing them, were able to be identified throughout the Swan-Canning 
Estuary. 
 
3.2.5.3 Detection of environmental differences among habitat types 
The BIOENV routine (Clarke & Gorley 2001) was used to detect which suite of 
environmental variables were most responsible for producing the differences among the 
range of habitat types identified throughout the Swan-Canning Estuary. The “reference” 
resemblance matrix employed in this procedure was a model matrix containing 
distances between each pair of habitat types identified in the CLUSTER/SIMPROF 
analysis that had been expanded to include all sites representing each habitat type. The 
distance between each pair of habitat types was calculated, firstly, by averaging the   104
values for each enduring environmental variable across all sites representing a habitat 
type and then assigning those average values to each site in that habitat type. These data 
were then subject to the same types of data pre-treatment as described above and then 
used to construct a model Manhattan distance matrix. Thus, in this model matrix, all 
pairwise combinations of sites from the same habitat type had a distance of zero and as 
the distances between sites in different habitat types were represented by their average 
distance apart, they did not contain any deflecting influence of “intra-habitat” 
variability. An MDS ordination of this matrix is shown in Figure 3.9. 
 
 
Figure 3.9  MDS ordinations of the meaned data on the enduring environmental variables at 
each habitat type in the Swan-Canning Estuary. 
 
BIOENV was then used to determine which combination of enduring 
environmental variables in the full quantitative data matrix described in section 3.2.5.1 
best matched the underlying “pattern” of rank order arrangement between sites in the 
reference model matrix, and thus “best explained” the relative differences among habitat 
types. The Spearman Rank correlation co-efficient (Rho) was used to calculate the 
correlation between matrices and Manhattan distance was employed to construct all 
resemblance matrices. A significance test was also carried out for this routine, based on   105
random permutations of site labels. The null hypothesis that there was no significant 
correlation in rank order pattern between the two matrices was rejected if the 
significance level (p) was <5%.  
 
3.2.6  Quantifying in situ environmental variables 
In situ environmental measurements were sampled at eight habitat types, each 
represented by two sites, throughout the Swan-Canning Estuary in summer and winter 
2005 (Fig. 3.10). These habitat types were chosen to represent a wide range of the 
habitats found throughout the estuary. Each site was demarcated by a central point on 
the shoreline and all waters within a 100 m radius of that point. 
At each site on each sampling occasion, three replicate measurements of water 
temperature (°C), salinity (‰), dissolved oxygen (mg L
-1) and pH were recorded at the 
bottom of the water column. Three randomly-located cores of sediment were also 
collected in order to determine grain-size distribution and the contribution of particulate 
organic matter (POM). The sediment corer used was 3.57 cm in diameter (10 cm
2 in 
area) and sampled to a depth of 10 cm. The depth of the redox discontinuity layer in 
each core, i.e. the depth beneath the substrate surface at which conditions change from 
aerobic to anaerobic, was recorded to the nearest 0.5 cm. An additional three sediment 
cores were collected to ascertain the quantity of sediment chlorophyll at each site on 
each sampling occasion. These samples were collected using a corer that was 2 cm in 
diameter and sampled to a (sediment) depth of 2 cm. These were stored on ice 
immediately and then frozen.      
1
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Figure 3.10  Sites representing the habitat types in the Swan-Canning Estuary at which the 14 in situ environmental variables were sampled in 2005.   107
In the laboratory each of the sediment samples for grain size/POM analysis was 
dried at 80°C for 24 h, weighed to the nearest 1 mg, ashed at 550°C for 2 h, and then 
reweighed. The ashed sediment weight was subtracted from the total dried sediment 
weight to determine the percentage contribution of POM in each sample (Heiri et al. 
2001). Each ashed sample was then wet-sieved through a 63 µm sieve to remove silt 
and clay particles, redried and then weighed again. This dry weight was subtracted from 
the respective ashed sediment weight to determine the amount of silt and clay particles 
in each sample (Heiri et al. 2001). The remaining sample was then wet-sieved through  
nested meshes that corresponded to the Wentworth scale of grain-size distribution, i.e. 
≥2000, 1000≥2000, 500≥1000, 250≥500, 125≥250 and 63≥125 µm (Wentworth 1922). 
The fraction of sediment retained on each mesh was dried, weighed then converted to a 
percentage.  
Sedimentary chlorophyll a was measured in low light conditions using the 
acetone extraction method (Parsons et al. 1984). Each frozen sediment sample was 
ground in a mortar and pestle for 30 seconds with 20 ml of acetone to remove any cells 
containing chlorophyll from the sediment grains and to extract the chlorophyll from the 
cells. Each sediment/acetone sample was then transferred to a 100 mL centrifuge tube 
using another 10 mL of acetone to rinse any remaining sample from the mortar and 
pestle and then kept on ice until ready for centrifuging. Each sample was centrifuged at 
1500 rpm for 8 minutes to separate any particulate material from the 
chlorophyll/acetone solution. The supernatant was then decanted into a 1 cm glass 
cuvette and its spectral absorbance measured at 664, 647 and 630 nm in a 
spectrophotometer, while the remaining sediment was dried at 60°C for 12 h and then 
weighed to the nearest 0.1g.    108
The reflectance at each wavelength was then used to calculate the volume of 
chlorophyll in each sample using the following equation: 
Ca (chlorophyll a) = 11.85 E664 - 1.54E647 – 0.08 E630 
Cb (chlorophyll b) = 21.03 E647 – 5.43E664 – 2.66 E630 
Cc (chlorophyll c) = 24.52 E630 - 1.67E664 – 7.60 E647 
where:  
E664 = absorbance of extract measured through 1 cm of supernatant at 664 nm  
E647 = absorbance of extract measured through 1 cm of supernatant at 647 nm 
E630 = absorbance of extract measured through 1 cm of supernatant at 630 nm 
 
The total chlorophyll (µg) in each gram of sediment was then calculated using 
the following calculation: 
µg chl/g = CTv/ws 
where: 
CT = total chlorophyll (the sum of Ca, Cb and Cc) 
  v = volume of acetone added (=30 mL) 
  w = sediment dry weight 
  s = cuvette site (=1 cm) 
 
3.2.6.1 Statistical analyses of in situ environmental characteristics 
The data recorded for water temperature, salinity, dissolved oxygen (DO), pH, 
% contribution of POM, amount of sedimentary chlorophyll and the depth of the redox 
discontinuity layer at each site in each season, were examined to ascertain which type of 
transformation, if any, was required to satisfy the assumptions of normality and constant 
variance using the method described in section 2.2.3.2 (Clarke & Gorley 2001). The 
data for the first four and last of these variables did not require transformation, while %   109
contribution of POM and amount of sedimentary chlorophyll required a log10(n+1) and 
square root transformation, respectively.  
Two-way Analysis of Variance (ANOVA) was then used to test the null 
hypotheses, that each of these dependant variables did not differ significantly among 
any (fixed) independent factor (i.e. habitat types and/or seasons), which were rejected 
when the significance level (p) was <0.05. The criteria used to identify significant 
differences between various levels of a significant independent factor are provided in 
section 2.2.3.2. 
The percentage contributions of each sediment grain-size fraction recorded in 
each replicate sample were square-root transformed and used to construct a Euclidean 
distance matrix. These data were then subjected to the same multivariate procedures and 
tests as described in section 2.2.3.4 to ascertain the extent and cause of any significant 
differences among habitat types and/or seasons. 
 
3.2.7  Matching of enduring and in situ environmental variables 
The RELATE procedure (Clarke & Gorley 2001) was employed to determine 
whether the arrangement of the rank orders of similarity in (i) the Manhattan distance 
matrix calculated from the values for the 13 enduring environmental variables at the 
various sites representing each habitat type was significantly correlated with 
(ii) Manhattan distance matrices calculated from the mean values for the 14 in situ 
environmental characteristics measured at each site, i.e. water temperature, salinity, DO 
concentration, pH, sedimentary chlorophyll concentration, the seven different grain size 
fractions, %POM and depth of the redox discontinuity layer, for both summer and 
winter. 
The BIOENV routine was then used to determine whether a greater correlation 
was produced between the matrix constructed from data for the enduring environmental   110
variables and the matrices derived from a subset of the in situ environmental variables 
in each season. 
 
3.3  Results 
3.3.1  Identification of habitat types using CLUSTER and SIMPROF 
The CLUSTER and SIMPROF procedures performed on the data for 13 
enduring environmental variables measured at 102 sites throughout the Swan-Canning 
Estuary identified 18 habitat types that were significantly different from each other (Fig. 
3.11). It should be noted that a single site (23), which was identified as a distinct habitat 
type, was grouped together with habitat type 18, on the basis that it sometimes fell into 
this habitat type on repeated re-runs of the CLUSTER/SIMPROF procedure. The Pi 
values for the significantly different groups of sites ranged between 8.2 and 26.1 
(Pi=0.1-0.9%, Table 3.2). Each habitat type was numbered according to the magnitude 
of the distance at which it was recognised as a distinct habitat during the 
CLUSTER/SIMPROF procedure, i.e. with the most distinct habitat labeled habitat type 
1 and the least distinct as habitat type 18 (Table 3.2, Fig. 3.11).  
When the 105 samples based on the quantitative data for the enduring 
environmental variables at each site were subjected to MDS ordination (i.e. to illustrate, 
in multivariate space, the differences between groups of sites representing each habitat 
determined by CLUSTER/SIMPROF), the points representing the 18 habitat types 
formed relatively discrete groups on the plot (Fig. 3.12). The points representing habitat 
types 1, 2, 3, 4 and 5 formed the most discrete and well separated groups on either sides 
of the plot, while those representing the other habitat types formed groups that lay 
closer together in the centre of the plot (Fig. 3.12).  
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Figure 3.11  Dendogram of the various habitat types in the Swan-Canning Estuary identified by CLUSTER and SIMPROF based on data for 13 enduring 
environmental variables recorded at each of the 102 sites. N.B.  The sites forming a discrete habitat are those laying beneath each point at which the 
dendogram’s red outline becomes black, i.e. the point at which no significant environmental differences were detected among those sites.   112
Table 3.2  Distances and Pi values produced by CLUSTER and significance levels (p%) 
produced by the associated SIMPROF procedure for groups of sites in the Swan-
Canning Estuary, which were identified as significantly different habitat types. 
 
Habitat 
Type  Distance Pi  P% 
1  493.0 26.1  0.1 
2  396.0 13.8  0.1 
3  334.7 14.4  0.1 
4  282.9 15.4  0.1 
5  252.8 12.6  0.1 
6  227.3 10.0  0.1 
7  213.5 8.5  0.1 
8  193.4 11.0  0.1 
9  182.2 8.2  0.3 
10  176.2 13.8  0.2 
11  169.3 12.7  0.1 
12  161.0 9.0  0.7 
13  156.5 11.9  0.1 
14  145.9 9.4  0.1 
15  141.3 13.3  0.1 
16  138.4 20.4  0.5 
17  122.7 13.3  0.1 
18  110.3 11.7  0.9 
 
 
 
Figure 3.12  MDS ordination of the quantitative data on the 13 enduring environmental 
variables recorded at each of the 102 sites in the Swan-Canning Estuary. Each site 
has been coded for habitat type (pre-determined by CLUSTER/SIMPROF). 
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The dendogram showed that the habitat type that separated from the others at the 
greatest distance (habitat type 1) was represented by eight sites located in the upper 
Swan River (Figs 3.11, 3.13). The next most distinct habitat types (2 and 3) were 
represented by two sites located in the lower Swan River and 17 sites in the middle 
regions of the Swan and Canning rivers respectively (Figs 3.11, 3.13).  
Habitat types 1, 2 and 3 were distinguished from the remaining habitat types by 
their locations in the upper reaches of the estuary (Fig. 3.13). Habitat type 1, which was 
located the furthest distance upstream, was approximately 42 km from the estuary 
mouth, i.e. ~1.6 times further than habitat type 3, its nearest “neighbour” (Fig. 3.14a). 
These three habitat types were characterised by small distances to the 2 m depth 
contour, with that at habitat type 1 being the smallest (mean=46 m) and each had gentle 
slopes and relatively small fetches (Fig. 3.14, 3.15). The composition of the substrate at 
these habitat types was also relatively distinct (Fig. 3.16). Habitat types 1 and 2 were 
the only habitat types to contain snags and two of only three to contain reeds 
(Fig. 3.16c, d). Moreover, these were the only two habitat types that did not contain any 
vegetation. Habitat type 2 was one of only two habitat types that contained bivalve beds 
(Fig. 3.16e). Moreover, the bivalve beds at this habitat type were extensive (~47.5%), 
whereas they were relatively small at the other habitat type (16) in which they were 
recorded. 
The remaining habitat types were located throughout the lower and middle 
reaches of the estuary. Habitat types 6, 7, 11, 12, 17 and 18 occurred at various 
locations in the basin (Fig. 3.13). All but one of these habitat types (12) exhibited far 
greater fetches than the other habitat types, but each also differed according to the 
direction of its greatest fetch (Fig. 3.15). For example, while the ME direct fetches at 
habitat types 6, 7, 11, 17 and 18 were the greatest overall, the ME westerly fetch at 
habitat type 7 and the ME easterly fetch at habitat type 18 were greater, respectively. 
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Figure 3.13  Sites representing the habitat types identified by the CLUSTER and SIMPROF procedure in the Swan-Canning Estuary   115
 
 
 
 
Figure 3.14  Mean ± 95% confidence intervals of the (a) distance from estuary mouth, (b) 
distance to the 2 m depth contour and (c) slope of the substrate at the 18 habitat 
types identified in the Swan-Canning Estuary.   116
 
Figure 3.15  Mean ± 95%confidence intervals of the (a) direct, (b) north, (c) east, (d) south 
and(e) west fetches at the 18 habitat types identified in the Swan-Canning Estuary.   117
 
Figure 3.16  Mean ± 95% confidence intervals of the percentage contributions of (a) vegetation, 
(b) rock, (c) reeds, (d) snags and (e) bivalve beds to the substrate area at the 18 
habitat types identified in the Swan-Canning Estuary.   118
than those fetches at any other habitat type (Fig. 3.15). In contrast, habitat type 12, the 
least exposed of this group of habitat types to wave action, exhibited only a moderate 
northerly ME fetch, being located in the southwestern corner of the basin. Moreover, the 
very large distance to the 2 m depth contour at this habitat type would presumably cause 
most of the wave action to dissipate before it reached its shoreline (Fig. 3.14b). Habitat 
types 6, 7, 17 and 18 contained relatively large amounts of submerged vegetation, while 
habitat type 11 contained moderate amounts of vegetation and small amounts of rock. In 
contrast habitat type 12 contained the smallest amounts of submerged vegetation of all 
the habitat types, being predominantly bare sand (Fig. 3.16). 
Habitat types 10, 15 and 16 were located in the lower reaches of the Swan and 
Canning rivers, with the latter two habitat types being located exclusively in the 
Canning River (Fig. 3.13). These habitat types exhibited relatively small ME fetches but 
were distinguished from each other according to the direction in which their greatest 
fetch occurred. The greatest ME fetch at habitat type 10 occurred in a northerly 
direction, that at habitat type 15 occurred in a southerly direction, while that at habitat 
type 16 occurred in an easterly direction (Fig. 3.15). Habitat types 15 and 16 both 
contained moderate amounts of submerged vegetation, while habitat type 10 contained 
far smaller amounts (Fig. 3.16a). 
Habitat types 4, 5, 8, 9, 13 and 14 occurred at various locations throughout the 
channel and exhibited small to moderate fetches in various directions (Figs 3.13, 3.15). 
However, habitat types 8 and 9 exhibited the greatest direct fetches, being located in the 
slightly wider upper channel region (Freshwater Bay, see Fig. 3.2). The characteristics 
of the substrate also differed markedly at each of these habitat types. Habitat type 4 was 
distinguished from all others by containing the greatest amounts of rock and steepest 
slope (Fig. 3.14c, 3.16b). Habitat types 5 and 8 contained the greatest amounts of 
submerged vegetation and had moderate slopes (Fig. 3.14c, 3.16a), whereas habitat   119
types 9, 13 and 14 contained moderate amounts of vegetation and rock, with the latter 
two habitats also exhibiting relatively steep slopes (Figs 3.14c, 3.16a, b). 
 
3.3.2  Detection of differences among habitat types 
BIOENV showed that six of the 13 enduring environmental variables recorded 
at each site, i.e. location, direct fetch, slope, and the % contributions of submerged 
vegetation, rock and reeds, produced the greatest correlation with the model habitat type 
matrix and thus the “best explanation” for the environmental differences among habitat 
types overall (ρ= 0.902, p=1%). When these variables were excluded from the BIOENV 
procedure, the remaining variables produced a much lower yet significant correlation 
with the model matrix (ρ= 0.379, p=1%).  
The distance from estuary mouth clearly distinguished among all 18 habitat 
types, and showed a linear progression correlated with habitats located incrementally 
further upstream (Fig. 3.17a). Direct fetch differed primarily between habitat types 
located in the basin, where it was greatest, and those located in the channel and upper 
reaches, where it was far smaller (Fig. 3.17b). Slope of the substrate distinguished a 
number of habitat types located in the channel, being far greater at habitat types 4 and 
13 than all other habitat types (Figs 3.17c). The % contributions of submerged  
vegetation distinguished habitat types located in the channel and basin from those 
located in the upper reaches of the estuary, being greatest in the former two areas and 
virtually absent in the latter (Fig. 3.18a, c) and 3.18b). The % contributions of rock was 
far greater at habitat type 4, located in the channel, than at all other habitat types and the 
% contribution of reeds distinguished habitat types 1 and 3, located in the upper Swan 
and Canning Rivers, respectively, from all others.   120
 
Figure 3.17  MDS ordinations of the data for the 13 enduring environmental variables at 102 
sites in the Swan-Canning Estuary and numbered according to habitat type. The 
samples on each plot are overlayed with bubbles representing the different 
magnitudes of measurements for one of a subset of six enduring environmental 
variables that were chosen by the BIOENV routine, i.e. (a) the distance from 
estuary mouth, (b) direct fetch and (c) slope. 
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Figure 3.18  MDS ordinations of the data for the 13 enduring environmental variables at 102 
sites in the Swan-Canning Estuary and numbered according to habitat type. The 
samples on each plot are overlayed with bubbles representing the different 
magnitudes of measurements for one of a subset of six enduring environmental 
variables that were chosen by the BIOENV routine, i.e. (a) submerged vegetation, 
(b) rock and (c) reeds.   122
3.3.3  In situ environmental variables among habitat types 
3.3.3.1 Water quality 
Analysis of Variance showed that the mean temperature, dissolved oxygen, 
salinity and pH differed significantly between habitat types and seasons and that there 
were also significant habitat type x season interactions for each of these variables except 
pH (Table 3.3). In the case of both water temperature and salinity, the mean square for 
season was far greater than that for habitat type, whereas they were almost equal in the 
case of both dissolved oxygen and pH (Table 3.3). The mean squares for the interaction 
were much lower than those for either main effect in the case of salinity. However, in 
the case of dissolved oxygen, the mean square for the interaction approximated those for 
both main effects, while for temperature it was almost twice the mean square for habitat 
type. 
Mean water temperatures recorded in summer were ~8-12°C warmer than those 
recorded in winter at all eight habitat types (Fig. 3.19a). During summer, mean water 
temperature was greatest at habitat type 6 (~28°C) and least at habitat type 13 (~24°C), 
whereas during winter, it was greatest at habitat type 7 (~17°C) and least at habitat type 
1 (~14°C) (Fig. 3.19a).  
Mean dissolved oxygen values during winter were significantly greater than 
those in summer by ~2-8 mg L
-1 at habitat types 1, 3, 7 and 10, but were substantially  
greater in summer than winter at habitat type 6 (Fig. 3.19b). During summer, mean 
dissolved oxygen was far greater at habitat type 6 and than at any other habitat type and 
was least at habitat types 1 and 3, whereas it was relatively stable during winter 
(Fig. 3.19b). 
At each habitat type, the mean salinity recorded in summer was far greater than 
that recorded in winter, with the greatest differences between seasons being recorded at 
habitat types 3 and 10 (~13 and 12 ‰, respectively). Mean salinities were significantly   
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Table 3.3  Mean squares (MS) and their significance levels (p) for ANOVA’s of water temperature, dissolved oxygen (DO), salinity and pH at eight habitat types 
during summer and winter in the Swan-Canning Estuary. df-degrees of freedom. Significant results, i.e. p<0.05, have been highlighted in boldface. 
 
 
       
Water 
Temperature   DO      Salinity    pH  
  df MS  p   MS  p   MS  p   MS  p 
Main Effects                       
Habitat  7  6.49 0.02 19.36 <0.001   735.58 <0.001 0.90 <0.001
Season  1  2333.67 <0.001 19.26 <0.001   4912.05 <0.001 0.91 <0.001
Two-way Interactions             
Habitat * Season  7  11.15 <0.001 16.05 <0.001   93.84 <0.001 0.01 0.490
Error  80   2.50   0.84    5.323    0.01     124
 
Figure 3.19  Mean ± 95% confidence intervals of (a) water temperature (b) dissolved oxygen 
and (c) salinity in eight habitat types during the summer and winter and pH in (d) 
eight habitat types and (e) summer and winter in the Swan-Canning Estuary in 
2005.   125
lower at habitat types 1 and 3 than the remaining habitat types in both summer and 
winter. However, while salinities did not differ significantly among habitat types 6-18 
during summer, they varied widely among those habitat types in winter, with those 
recorded at habitat types 10 and 18 being significantly lower than those recorded at 
habitat types 6, 7, 9 and 13 (Fig. 3.19c). 
Mean pH values were significantly lower at habitat types 1 and 3 (~7.6) than at 
the other six habitat types (~8.1-8.3) and that recorded at habitat type 10 was 
significantly lower than recorded at habitat types 6, 7, 9, 13 and 18 (Fig. 3.19d). 
Mean pH values recorded in winter were significantly greater than those recorded in 
summer (Fig. 3.19e). 
 
3.3.3.2 Sedimentary POM, chlorophyll and depth of the redox discontinuity layer 
Analysis of Variance showed that the % POM, total chlorophyll concentration 
and the depth of the redox layer in the sediments differed significantly between habitats 
and that the latter dependent variable also differed significantly between seasons. There 
was a significant habitat x season interaction for both total chlorophyll and redox depth 
(Table 3.4). In all cases, the mean squares were greatest for habitat type and 
substantially so for total chlorophyll and redox depth (Table 3.4). 
The percentage contribution of sedimentary POM was substantially greater at 
habitat types 1 and 3 than at the remaining habitat types but differed significantly only 
between both habitat types 1 and 3 and habitat types 6, 7, 13 and 18 (Fig. 3.20a). 
The amount of chlorophyll in the sediments varied quite widely among the 
habitat types but was significantly lower at habitat types 3, 10 and 13 than at habitat 
types 6, 7 and especially 9 (Fig. 3.20b). The % contribution of sedimentary POM at 
habitat types 9 and 18 was significantly greater in summer than in winter whereas the 
opposite was true at habitat type 7 (Fig. 3.20). Moreover, although there were no   126
significant differences between the seasonal values for this variable at the other habitat 
types, those values also tended to be greater in winter than in summer. 
 
Table 3.4  Mean squares (MS) and their significance levels (p) for ANOVAs of % 
contribution of POM, total chlorophyll and depth of the redox discontinuity layer 
in the sediment at eight habitat types during summer and winter in the Swan-
Canning Estuary. df-degrees of freedom. Significant results, i.e. p<0.05, have been 
highlighted in boldface. 
 
        %POM   Total 
Chlorophyll     Redox Depth   
  df  MS  p   MS  p   MS  p 
Main Effects                   
Habitat  7  0.46 <0.001 11.66  <0.001   13.92 <0.001 
Season  1  0.33  0.051 0.44  0.41   2.21  <0.001 
Two-way Interactions              
Habitat * Season  7  0.07  0.574 3.31  <0.001   1.19 0.001 
Error  80   0.08    0.65     0.32    
 
During summer, the mean redox depth at habitat type 13 was significantly 
greater, by ~2.5 times, than those at the other habitat types. While the redox layer at 
habitat types 1 and 3 were the shallowest, there was not a large difference between these 
and the remaining five habitat types. In winter, the mean redox depth increased 
progressively from habitat type 1 to 10, after which it declined at habitat types 13 and 
18. Thus the mean redox depth at habitat type 10 was ~3 times greater than that at 
habitat type 1 (Fig. 3.20c). The mean redox depth tended to be greater in summer than 
in winter at all habitat types except 13, but it was significantly greater during summer 
only at habitat types 9 and 10 (Fig. 3.20c). 
 
3.3.3.3 Sediment grain size composition 
Two-way crossed ANOSIM showed that the grain size composition of the 
sediments collected at eight habitat types in the Swan-Canning Estuary in summer and 
winter in 2005 differed significantly among habitat types (Global R-statistic=0.419, 
p=0.1%) but not between seasons. Pairwise comparisons between habitat types showed    127
 
Figure 3.20  Mean ± 95% confidence intervals of (a) % contribution of POM at eight habitat 
types in the Swan-Canning Estuary in 2005 and (b) total chlorophyll and (c) depth 
of the redox discontinuity layer in eight habitat types in the Swan-Canning 
Estuary during the summer and winter in 2005. 
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Table 3.5  Global R-statistic values, pairwise comparisons and significance levels (p) detected by two-way (habitat type x season) ANOSIM tests between the 
sediment grain size compositions at eight habitat types in the Swan-Canning Estuary in summer and winter of 2005.  N.B. Only the habitat type 
component of the two-way crossed ANOSIM test has been presented due to the fact that the season component was not significant. Significant results, i.e. 
p<5%, have been highlighted in boldface. 
 
Habitat type Global R-statistic=0.419, p=0.1% 
 1  3  6  7  9  10  13 
 R p R p R  p R  p R p R p R p 
1                      
3  0.045 26.2                
6  0.223  1.4  0.509  0.1              
7  0.166 7.8 0.363 0.1 0.144 7.5          
9  0.603 0.1 0.803 0.1 0.495  0.1 0.690 0.1             
10 0367  0.1 0.425 0.1 0.656  0.1 0.506 0.1 0.993 0.1         
13 0.292 0.8  0.3  0.9 0.516  0.1 0.674 0.1 0.659 0.1 0.632 0.1     
18  0.18 5.3  0.339 0.2 0.126 9.9  0.331 0.1 0.320 0.1 0.483 0.1 0.168 6.0 
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that the sediment grain size composition differed significantly between all habitat types 
(p=0.9-0.1%) except between habitat types 1 vs 3, 7 vs 1 and 6 and habitat types 18 vs 
1, 6 and 13 (Table 3.5). The greatest differences in grain size composition occurred 
between the sediments at habitat types 9 and both 3 and 10 (R-statistics=0.803 and 
0.993, respectively). Moreover, most of the R-statistics between habitat type 9 and the 
other habitat types were high (Table 3.5). The least differences occurred between habitat 
type1 vs 6 and 13 (R-statistics=0.223 and 0.292, respectively). 
The MDS ordination constructed from the sediment grain size compositions at 
the various habitat types showed the points representing habitat type 9 lay in a cluster 
on the left of the plot, discrete from those representing the compositions at habitat types 
3, 7 and 10, which lay to the right and below (Fig. 3.21). The points representing the 
grain size compositions at habitat types 1 and 13 were the most dispersed, while those 
representing the compositions at the other habitat types showed various degrees of 
overlap (Fig. 3.21). 
 
 
Figure 3.21  MDS ordination of the % contributions of the various grain-size fractions 
(i.e. ≥2000, 1000≥2000, 500≥1000, 250≥500, 125≥250, 63≥125 and ≤63 μm) at eight 
habitat types in summer and winter in 2005 in the Swan-Canning Estuary. 
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SIMPER showed that the sediment grain size composition at habitat type 9 was 
distinguished from that at each of the other habitat types by far greater contributions of 
the 125≥250 μm fraction and lower contributions of the 500≥1000 and ≥2000 μm 
fractions (Fig. 3.22e, f). The grain size compositions at habitat types 1 and 3 were 
characterised by grain sizes across a broad range of medium fractions, i.e. 125≥1000 
μm, and also contained significant contributions of coarse (i.e.≥1000 μm, ~20 and 24%, 
respectively), fine (i.e. 63≥125 μm, ~4 and 5%, respectively) and silt and clay 
(i.e.≤63 μm ,~4%) fractions. While the grain size compositions at habitat types 13 and 
18 were also characterised by relatively large contributions of the 125≥250 μm fraction, 
habitat type 13 also contained relatively large contributions of the coarse (≥1000 μm) 
grain size fractions (~11%) (Fig. 3.22g, h). The sediment compositions at habitat types 
6 and 7 were characterised by relatively large contributions of grain sizes in the 
250≥500 μm range (~50 and 60%, respectively) and small contributions in the coarse, 
fine and silt/clay size ranges (Fig. 3.22c, d). 
 
3.3.4  Matching of enduring and in situ matrices 
The RELATE procedure showed that the arrangement of the rank order of 
distances in the matrix derived from the in situ environmental variables recorded at sites 
representing eight habitat types in both seasons were significantly correlated with that 
derived from the values for the enduring environmental variables that distinguished 
those habitat types (Rho = 0.688, p=0.1%). The matrices derived from the in situ 
environmental variables recorded separately in summer and winter were also each 
significantly correlated with that derived from the enduring environmental 
characteristics (Rho=0.683 and 0.740, respectively, p=0.1%). 
The BIOENV procedure showed that the subsets of in situ environmental 
variables that produced the greatest Rho-values between these matrices for each season   131
 
 
Figure 3.22  The contributions of different grain size fractions to the sediments at each habitat 
type in the Swan-Canning Estuary. N.B. % contributions were meaned for both 
summer and winter at each habitat type.   132
were (1) the ≥2000, 500≥1000 and 125≥250 µm grain size fractions, pH, salinity and 
the depth of the redox discontinuity layer in summer and (2) the 1000≥2000, 500≥1000, 
250≥500, 125≥250 µm and silt/clay grain size fractions, and salinity in winter.  
 
3.4  Discussion 
3.4.1  Attributes of the habitat classification scheme 
This study confirmed that the fully quantitative approach that was devised to 
classify habitat types in the Swan-Canning Estuary was sound. It also demonstrated that 
the pattern of spatial differences among habitat types based on differences in their 
enduring environmental characteristics was well reflected by those in a suite of non-
enduring environmental variables that were recorded in both summer and winter. These 
findings thus support the idea that the suite of enduring environmental variables chosen 
to distinguish among habitat types (i.e. and which were easy to measure from mapped 
data), were good surrogates for those in situ non-enduring environmental variables, 
which required intensive field sampling and, in some cases, laboratory analysis.  
The use of the SIMPROF routine in conjunction with the CLUSTER procedure 
enabled detection of the points in the hierarchical classification at which groups of sites 
no longer differed significantly in their enduring environmental characteristics and thus 
formed habitat types. Unlike a range of other schemes that have employed clustering 
methods to identify habitat types, this approach was completely objective. Thus, in 
contrast to schemes such as Zharikov et al.(2005), Digby et al.(1998) and 
Edgar et al. (2000) in which a resemblance “cut-off” has been subjectively chosen and 
applied to the dendogram to identify those groups of sites that form habitat types, the 
use of SIMPROF in the current approach provided a fully objective method for 
identifying groups of significantly different sites. The resemblance (distance) within the 
dendogram at which groups of sites differed significantly from others ranged between   133
110.3 and 493.0. Moreover, the habitat types that were identified were logical solutions, 
in that the groups of sites by which they were each represented were relatively 
homogenous in their environmental characteristics.  
The approach employed in this study built upon that developed by Valesini et al. 
(2003), which was used to classify nearshore marine habitat types along the lower west 
coast of Australia. Although the approach used in that study was validated statistically 
in a rigorous manner, the designation of sites to habitat types was initially carried out 
according to a visual and subjective assessment of the extent of exposure to wave action 
and the predominant types of substrate and submerged vegetation present. Differences 
in personal interpretation of those criteria could thus potentially bias the type of habitat 
to which a particular nearshore site is assigned. The current scheme improves on that 
approach in that it does not include a subjective a priori categorization of sites into 
habitat types, but rather allows habitats to be distinguished entirely on the basis of 
measurements for their enduring environmental characteristics. This removes the 
uncertainty associated with establishing boundaries for different habitat types and in 
classifying sites that may lie near the borderline of two habitat types. Such an approach 
is vital for a habitat classification scheme that is to be used by ecologists and 
environmental managers with different backgrounds.  
Quantification of the thirteen enduring environmental variables that were used to 
classify the various habitat types in the Swan-Canning Estuary was readily 
accomplished in a GIS using accessible mapped data sources, namely high-resolution 
aerial photographs and bathymetric charts. The characterisation of each site in terms of 
its location within the estuary, exposure to wave activity and substrate and submerged 
vegetation characteristics, enabled its habitat type to be accurately determined without 
the need to make detailed quantitative measurements in the field. The only field   134
measurements required were those undertaken to groundtruth the substrate and 
submerged vegetation map in order to assess its accuracy.  
The enduring variables employed in this study effectively represented the 
collective spatial differences in the 14 non-enduring environmental variables that were 
measured at sites representing a range of habitat types in both summer and winter in 
2005. BIOENV analyses showed that salinity, redox depth, the 500≥1000, 125≥250 and 
≤ 63 µm grain sizes, and pH were most highly correlated with the pattern of spatial 
differences among habitat types, and would thus be the most useful non-enduring 
variables for predicting habitat type differences. However, many of these in situ 
environmental variables underwent considerable seasonal changes (see Chapters 3 
and 5) and are most likely subject to considerable interannual changes (see chapter 5). 
Furthermore, they were time consuming to measure, particularly in the case of 
percentage contributions of sedimentary POM and the various grain size fractions. 
Thus, these variables do not make practical “classifiers” for estuarine habitat 
classification schemes. Nevertheless, adequate representation of such non-enduring 
physico-chemical variables by enduring surrogates is important, since they directly 
affect the distributions of biota at local scales in estuaries (Dethier 1990). 
Although 13 enduring environmental variables were employed to capture the 
environmental diversity throughout the Swan-Canning Estuary, BIOENV demonstrated 
that six of those variables were particularly important, explaining ~90% of the variation 
among habitat types, i.e. location, direct fetch, slope, and the % contributions of 
submerged vegetation, rock and reeds. Moreover, the importance of the “location” 
variable was particularly evident. This variable was employed as a surrogate for the 
range of water quality parameters that would be expected to vary along the length of an 
estuary, e.g. salinity, dissolved oxygen, turbidity, temperature and water colour. Despite 
the importance of those six enduring variables, the existence of unique characteristics at   135
various sites throughout the estuary, e.g. bivalve beds, reinforced the need to include all 
13 enduring characteristics in the classification scheme. Furthermore, the ability of the 
SIMPROF routine to detect significant “structure” among samples (i.e. the tendency for 
samples to fall into natural groupings) is improved if that structure can be demonstrated 
to occur repeatedly across a range of different variables. Thus, the inclusion of greater 
numbers of correlated variables, improves the ability of SIMPROF to reliably 
differentiate among significantly different groups of samples. 
It is important to note that the extent and types of pre-treatment to which the 
data for each enduring environmental variable in this study was subjected, i.e. 
transformation, normalisation and weighting of the three main groups of variables 
(location, exposure and substrate/submerged vegetation types), was important in 
ensuring that (i) outliers did not have an unwarranted influence and (ii) the three main 
groups of variables each contributed equally to the classification. Different 
transformations and weightings were also shown to produce markedly different 
classification outcomes in the study by Snelder et al. (2007), thus emphasizing the need 
for appropriate and well-considered pretreatment of data.  
 
3.4.2  Comparisons with other habitat type classification schemes 
Many marine and estuarine researchers working in shallow waters have used 
remotely-collected data sources, such as aerial photographs and satellite images, in GISs 
to identify different benthic “habitats”. However, this has often been achieved only by 
mapping the spatial distribution of features associated with the substrate, such as 
different types of submerged vegetation, reefs and sediment (e.g. Madley 2002; Garono 
et al. 2004; Zharikov et al. 2005; Lathrop et al. 2006). These studies demonstrate the 
usefulness of GIS techniques in displaying the locations and providing detailed 
information on those particular benthic features. However, they focus only on one   136
aspect of the environment and as such, do not account for the fact that other processes 
such as exposure to waves and currents also contribute to determining the distributions 
of aquatic fauna. They are thus often inadequate in representing critical habitats, even 
for benthic species (e.g. Stoner 2003). In contrast, the current classification scheme has 
employed a suite of variables that reflect both the benthic and pelagic environments, and 
thus provide a more comprehensive representation of habitats likely to occur in 
estuaries. Consequently, the resultant habitat types are applicable to a wide variety of 
fauna, such as benthic invertebrates, benthic and pelagic fish and zooplankton. 
Of the few published schemes for classifying habitat types within estuaries, 
those that employ a range of environmental variables to identify habitats (i.e. Dethier 
1990; Howes et al. 1999; Allee et al. 2000; Madden et al. 2005) typically have one 
major disadvantage. That is, these schemes are, at best, semi-quantitative, and thus 
contain varying degrees of subjectivity in their approach. Subjective interpretations of 
environmental criteria, particularly at the finer levels of these hierarchical schemes, 
which are often the most pertinent to local managers, increase the risk of habitat type 
“misclassification” among different users. Such schemes thus cannot be applied reliably 
by different management agencies or ecologists to consistently classify habitats in 
different areas. Moreover, they cannot be used to investigate, statistically, the extent of 
the correlation between spatial differences among habitat types and those among their 
resident fauna. For this reason, they are limited in their ability to predict the types of 
fauna that are likely to occur at a given site of interest.  
The Coastal Marine Ecological Classification Standard (CMECS, Madden et al. 
2005) was developed to provide a standardised method for consistently classifying 
marine and estuarine environments in North America. This hierarchical scheme not only 
provided a framework for identifying new habitat types but is also able to accommodate 
those that have been derived from existing schemes (e.g. Madden & Goodin 2007). This   137
scheme is one of the most comprehensive of those that have been published as it not 
only pertains to a wide range of spatial scales, i.e. local (>1 m
-2) to national (1000 m
-2), 
and functional ecological units, but it also applies a greater number of quantitative 
decision rules throughout its hierarchy than its predecessors (e.g. Allee et al. 2000). 
However, those decision rules rely heavily on data for non-enduring characteristics that 
would require intense field and/or laboratory work to obtain. Thus, given the frequent 
lack of such data sources and methodological inconsistencies by different researchers, 
the ready application of this scheme may be limited. 
 
3.4.3  Directions for future research 
The estuarine habitat classification scheme developed in this study provides 
local ecologists and environmental managers with the ability to reliably identify the 
range of habitat types present in the Swan-Canning Estuary. Moreover, it provides a 
means of detecting those habitats that are representative of larger areas of the estuary 
and also those that are unique. It also represents a basis for designing regimes to sample 
different faunal types, and thus producing inventories of those species assemblages. 
This habitat type framework can also be used to investigate the ways in which more 
complex species interactions, such as food webs, operate. These abilities are central to 
the process of planning appropriate locations for protected areas in estuaries, and thus 
enable conservation efforts to encompass habitats that are not only representative and/or 
unique, but also those that are particularly important for key species, e.g. as nursery or 
feeding areas for protected, endangered and commercially and/or recreationally 
important species (Ward et al. 1999; Roff & Evans 2002; National Marine Protected 
Areas Center 2006).  
An advantage of any habitat classification scheme is the ability to allocate any 
further site (i.e. one not used in the classification) to its appropriate habitat type. This   138
could be developed for the current scheme in a number of ways. Firstly, the “nearest-
replicate” classification method devised by Valesini et al. (2003) could potentially be 
employed. In this method, a two-dimensional PCA plot of the enduring environmental 
distance matrix is divided according to a “nearest-replicate” (i.e. site) classification 
procedure, to define the area occupied by each habitat type. The measurements for the 
13 enduring environmental variables recorded at any “new” site can then be inserted 
into the linear equations that define the two PC axes, thereby providing a set of co-
ordinates. The allocation of that site to a habitat type is then determined simply by 
plotting those co-ordinates on the PCA plot and noting the region into which it falls.  
Secondly, a new method has been developed by Valesini et al. (in prep), which 
involves a novel use of the LINKTREE routine in PRIMER v6 (Clarke & Gorley 2006). 
Two data sources are employed in this method, namely (1) a model distance matrix 
constructed from the average values of each enduring environmental variable for sites 
representing each habitat type and (2) the fully quantitative enduring environmental data 
recorded for each site. The product is a type of “linkage tree”, constructed of a 
hierarchical series of binary splits of the sites contained in the underlying reference 
matrix (i.e. data source 1). The finest groups of this tree represent each of the habitat 
types identified by the CLUSTER/SIMPROF procedure described earlier. At each node 
of the tree, quantitative thresholds of a particular environmental variable(s) that are 
most responsible for “causing” each split are provided (determined from data source 2). 
Thus, to classify any new site, one need only measure the 13 enduring environmental 
variables at that site, then compare those measurements to the threshold variables and 
their values denoted at each successive split of the tree, until the site is classified into a 
terminal group, i.e. a habitat type. 
The above method is preferable to the nearest-replicate classification method 
described earlier, as it avoids the limitations imposed by PCA. For instance, the   139
relationships between samples (sites) may be distorted by a low-dimensional PCA, 
which will reduce the accuracy with which a new site can be classified. 
It is important to recognise that (i) the statistical approach employed and (ii) the 
enduring environmental variables that were used to distinguish among habitat types in 
the Swan-Canning Estuary in this study would also be useful for distinguishing among 
habitats in other estuaries throughout the world. Furthermore, the approach developed 
here is entirely flexible in that the suite of variables employed for identifying habitat 
types can be easily modified to suit the characteristics of any estuary. 
Ideally, an estuarine habitat classification scheme should provide a consistent 
method for identifying habitat types across different estuaries and at a range of spatial 
scales that pertain to different levels of management or research (e.g. Zacharias et al. 
1998; Allee et al. 2000; Roff & Taylor 2000). The scheme developed in this study could 
easily be incorporated into the finer levels of a hierarchical scheme developed at a 
national scale, and thus facilitate the systematic classification of within-estuary habitat 
types at local scales. 
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4  RELATIONSHIPS BETWEEN BENTHIC MACROINVERTEBRATE 
ASSEMBLAGES AND HABITAT TYPES IN THE SWAN-CANNING 
ESTUARY 
4.1  Introduction 
The nearshore regions of the middle and upper Swan-Canning Estuary support 
abundant and diverse benthic macroinvertebrate assemblages (Chalmer et al. 1976; 
Rose 1994; Kanandjembo et al. 2001). This is probably due, firstly, to the fact that these 
relatively shallow regions of the estuary often support a large biomass of microalgae 
(benthic and planktonic forms) and macrophytes, which, together with detritus, provide 
important food sources for these fauna (Haines & Montague 1979; Hillman et al. 1995; 
Thompson 1998; Astill & Lavery 2001; Masini & McComb 2001). Furthermore, the 
meadows of the seagrass Halophila ovalis, which typically occur on wide sandflats in 
the middle reaches of the estuary, provide important structural habitats for these fauna 
(Edgar 1990).  
The Swan-Canning Estuary contains a far greater range of nearshore habitat 
types (see Chapter 3) than have previously been examined in quantitative studies on the 
distributions of its benthic macroinvertebrate fauna. For example, the lower reaches of 
the estuary contain diverse assemblages of macroalgae and several different species of 
seagrasses that are not present in the middle and upper reaches (Hillman et al. 1995; 
Astill & Lavery 2001). Furthermore, the composition of the substrate varies from rocky 
subtidal areas to sediments dominated by coarse sediment grains and shell fragments, to 
those comprised of fine sediments and mud. Moreover, the nearshore bathymetry 
changes from wide shallow sandflats to narrow steeper banks. Superimposed on this 
mosaic of benthic habitats is a diverse range of water quality characteristics and 
exposure to wave action (Stephens & Imberger 1996; Kurup et al. 1998; Hamilton et al. 
2001). However, to date, the published quantitative studies on the benthic 
macroinvertebrate assemblages in the Swan-Canning Estuary have been restricted to a  
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small number of sites in the middle reaches (Rose 1994) to those within parts of the 
upper reaches of the system (Kanandjembo et al. 2001). 
The distribution of benthic macroinvertebrate species in estuaries has been 
shown by many workers to be related to their tolerances or preferences for certain 
individual environmental characteristics, most commonly salinity, sediment grain size, 
amount of sedimentary organic matter and/or level of dissolved oxygen (Kinne 1964; 
Whitlatch 1981; Richmond & Woodin 1999; Brockington & Clarke 2001; Montagna & 
Ritter 2006). However, in order to more fully interpret the environmental causes of 
differences in the distributions of benthic macroinvertebrate assemblages in estuaries, it 
is preferable to examine relationships between these assemblages and collective 
differences among suites of environmental variables that distinguish habitat types. Such 
an approach will provide a more comprehensive assessment of the relationships 
between benthic macroinvertebrates and their environment. 
Benthic macroinvertebrates play an important role in the ecology of the Swan-
Canning Estuary, providing important food sources for both resident and migratory 
birds and fish (Loneragan & Potter 1990; Gill & Potter 1993; Wise et al. 1994) and 
influencing the rate of nutrient/chemical flux between the sediments and the water 
column as a result of the bioturbating effects of their burrowing and feeding activities 
(Pennifold & Davis 2001; De Roach et al. 2002). Yet despite the fact that this estuary is 
subject to continuous environmental change due to both anthropogenic influences and 
long-term climate change, there is insufficient understanding of (i) the current status of 
these fauna, (ii) the ways in which differences among suites of environmental variables 
reflect differences in the characteristics of these assemblages throughout the estuary and 
(iii) the future implications of the above environmental changes for these estuarine 
fauna.  
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A thorough examination of the relationships between the various habitat types in 
the Swan-Canning Estuary and the compositions of their benthic macroinvertebrate 
fauna will not only provide estuarine managers and researchers with quantitative 
inventories of the species that characterise each habitat type, but also the basis for 
predicting the types of species that are likely to occur at any given location within this 
system. It will also provide a sound benchmark against which to assess the effects of 
any future changes to those fauna.  
Achievement of the above objective requires, firstly, a habitat classification 
scheme for the estuary that is based on quantitative environmental criteria and, 
secondly, quantitative data on the benthic macroinvertebrate assemblages from 
representatives of each of the habitat types. Thus, the number of each benthic 
macroinvertebrate species were recorded from replicate samples collected during 
summer and winter in 2005 from a range of habitat types in the Swan-Canning Estuary, 
which were distinguished using the habitat classification scheme presented in Chapter 3. 
This provided the means to compare, statistically, the complementary faunal and 
enduring environmental data sets and thus explore the extent to which they are related. 
The following hypotheses were tested: 
(1)  The number of species, densities and diversity of benthic macroinvertebrates 
will be greater at habitat types located in the lower than upper reaches of the 
Swan-Canning Estuary due to the presence there of greater habitat complexity 
provided by macrophytes and the greater stability of water quality provided by 
more pronounced marine water intrusion. 
(2)  The compositions of the benthic macroinvertebrate assemblages will differ 
significantly among the various nearshore habitat types in the Swan-Canning 
Estuary during both summer and winter.  
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(3)  The pattern of the extents to which the benthic macroinvertebrate assemblages 
differ among the various habitat types during both summer and winter will 
match that among the enduring environmental variables that distinguish those 
habitat types. 
 
4.2  Materials and methods 
4.2.1  Study Area 
Benthic macroinvertebrates were sampled at eight habitat types, each 
represented by two sites that did not differ significantly in their environmental 
characteristics, throughout the Swan-Canning Estuary in summer and winter 2005 (see 
Fig. 3.1). These habitat types were chosen to represent a wide range of the 
environmental diversity found throughout the estuary, and each differed according to 
their location, and the extents to which they were exposed to wave action and contained 
contributions of various substrate and submerged vegetation types (see Figs 3.13-3.15).  
 
4.2.2  Sampling regime and laboratory techniques 
Each site was demarcated by a central point on the shoreline and a 100 m radius 
around that point. Five randomly-located cores of sediment were collected subtidally 
from each site at depths ranging from ~0.5 to 1 m deep, depending on the overall water 
level in the estuary, during the day in summer and winter 2005. The collection of 
replicate samples from each site was staggered over a 2-3 week period in the last month 
of each season to reduce the chances of the resultant data being unduly affected by an 
atypical sample.  
The cores were collected using a cylindrical corer, which was 11 cm in diameter 
and had a surface area of 96 cm
2, to a (sediment) depth of 10 cm (Rose 1994). The 
sediment samples were wet-sieved through a 500 µm mesh and immediately preserved  
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in 5% formalin buffered in estuary water. A dissecting microscope was used to remove 
the invertebrates from the sediment, which were then identified to the lowest possible 
taxon and counted. The number of each macroinvertebrate taxon in each replicate 
sample was converted to a density, i.e. number of individuals 0.1 m
-2. All invertebrates 
were stored in 70% ethanol to provide a reference.  
 
4.2.3  Statistical Analysis 
Differences in the characteristics of the benthic macroinvertebrate assemblages 
among habitat types were investigated by treating samples taken at the pairs of sites 
representing each habitat type as 10 independent replicates (see section 2.2.3 for the 
rationale for this approach). 
In order to determine further whether this approach was justifiable, one-way 
Analysis of Similarities (ANOSIM) tests (Clarke & Gorley 2001) were used, separately 
for the data collected in each season, to elucidate whether the compositions of the 
benthic macroinvertebrate assemblages at each of the habitat types differed significantly 
between their representative sites. ANOSIM detected a significant difference among 
sites at four of the eight habitat types in summer and at six of those habitat types in 
winter. However, in the majority of cases the pairwise R-statistic was small (i.e. 
<0.300). Only those R-statistics between the pairs of sites representing habitat types 6 
and 7 in summer exceeded the mean R-statistic value based on pairwise tests between 
the sites in each of those habitat types and all other sites (i.e. 0.426 in summer and 0.637 
in winter). 
 
4.2.3.1 The number of species, densities and diversity of benthic macroinvertebrates 
The total number of species and total density of benthic macroinvertebrates, and 
the diversity indices average taxonomic distinctness (Δ+) and variation in taxonomic  
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distinctness (Λ+), were calculated for each replicate sample. Justification for using these 
two diversity indices and the method of calculation for each is provided in section 
2.2.3.1. The replicate data for each of these dependent variables were then subjected to 
two-way Analysis of Variance (ANOVA), to determine whether they differed 
significantly between habitat types and seasons.  
Prior to undertaking these analyses, the data for both the number of species and 
densities of benthic macroinvertebrates and the two diversity indices were examined to 
ascertain which type of transformation, if any, was required to satisfy the assumptions 
of normality and constant variance. Thus, for each variable, the relationships between 
the means and associated standard deviations for each site in each season were 
determined (Clarke & Gorley 2001). This procedure showed that there was a strong 
linear relationship between the mean and standard deviation of the densities of benthic 
macroinvertebrates and that these data thus required a fourth-root transformation, while 
the data for the two diversity indices required square-root transformations and the 
number of species did not require transformation.  
The null hypotheses that each of the dependent variables did not differ 
significantly among any (fixed) independent factor (i.e. habitat type and/or season), 
were rejected when the significance level (p) was <0.05. When ANOVA showed that 
the values for a dependent variable differed significantly according to any independent 
factor or interaction between those factors,  the means and 95% confidence intervals for 
the various levels of those factors were compared to ascertain where those differences 
occurred.  
 
4.2.3.2 Joint Δ+ and Λ+ analyses 
The relationships between Δ+ and Λ+ of the benthic macroinvertebrate 
assemblages at each habitat type in the Swan-Canning Estuary were undertaken in order  
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to determine whether the values for each of these diversity indices were representative 
of that expected for the entire estuary. This was achieved by firstly, constructing 
scatterplots of these paired values at each habitat type and in each season and then 
determining the 95% probability ellipses from 1000 simulated values of Δm
+ and Λm
+. 
These simulated values were calculated for each of a specified range of species subsets 
of varying sizes (m) that were drawn at random from the regional species list. The range 
of m was chosen to approximate that of the number of species recorded at the various 
habitat types. Observed Δ
+ and Λ
+ values that fell outside their relevant probability 
ellipses indicated significant departure from that expected for the benthic 
macroinvertebrate fauna in the Swan-Canning Estuary.  
 
4.2.3.3 Compositions of benthic macroinvertebrate assemblages 
The following multivariate analyses were carried out using the PRIMER v6 
statistical package (Clarke & Gorley 2006) . The Bray-Curtis similarity coefficient was 
employed to construct a similarity matrix from the fourth-root transformed densities of 
the various macroinvertebrate species recorded in each replicate sample. This matrix 
was then subjected to non-metric multidimensional scaling (MDS) ordination. One-way 
and two-way crossed ANOSIM tests were carried out to ascertain whether the 
compositions of the benthic macroinvertebrate assemblages differed significantly 
among habitat types and/or seasons. The factors employed in each of these tests are 
specified in detail in the Results. In each test, the null hypothesis that there were no 
significant differences between habitat types or seasons was rejected if the significance 
level (p) was <5%. The R-statistic value was used to ascertain the extent of any 
significant differences (Clarke 1993). Any R-statistic values <0.1 were regarded as 
negligible. Where ANOSIM detected a significant difference among habitat types or 
seasons and the R-statistic was >0.1, two-way Similarity Percentages (SIMPER; Clarke  
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1993) was used to identify which species made the greatest contributions to those 
differences.  
 
4.2.3.4 Relationships between faunal data and environmental data 
The RELATE procedure (Clarke & Gorley 2001) was employed to determine, 
for each season, whether the arrangement of the rank orders of similarity between each 
pair of sites in the Bray Curtis similarity matrix constructed from the mean densities of 
the various benthic macroinvertebrate species was significantly correlated with that in 
each of the following complementary resemblance matrices: (1) the Manhattan distance 
matrix calculated from the values for the 13 enduring environmental variables that were 
used to distinguish habitat types (see Chapter 3) and (2) the Manhattan distance matrix 
calculated from the mean values for each of the in situ environmental characteristics 
measured at each site, i.e. the seven different grain size fractions, % contribution of 
particulate organic matter (POM), sediment chlorophyll concentration, depth of the 
redox discontinuity layer, water temperature, salinity, dissolved oxygen concentration 
and pH. 
The BIOENV routine (Clarke & Gorley 2001) was used to determine whether a 
greater correlation could be achieved between the above faunal matrix (employed as the 
reference) and a Manhattan distance matrix derived from a subset of the in situ 
environmental variables, rather than the full suite of those variables. The resultant Rho 
statistic was compared with that obtained from the above RELATE test in which the 
faunal matrix was matched with that based on the enduring environmental 
characteristics, in order to ascertain the extent to which either enduring or a refined suite 
of in situ environmental characteristics adequately “explained” spatial differences in 
benthic macroinvertebrate assemblages. 
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4.3  Results 
4.3.1  Benthic macroinvertebrate fauna 
Sampling of the benthic macroinvertebrate assemblages in the Swan-Canning 
Estuary at eight habitat types in 2005 yielded 90581 and 146861 individuals in summer 
and winter, respectively, when the number in each sample was adjusted to that in 
0.1 m
-2 and summed (Tables 4.1 & 4.2). Of the 58 species recorded overall, 27 were 
found in both summer and winter, 24 were found only in summer, whereas seven were 
recorded only in winter. The samples collected during summer and winter contained 51 
and 36 species, respectively, and, in both seasons, represented nine phyla, namely 
Annelida, Crustacea, Mollusca, Sipuncula, Nematoda, Platyhelminthes, Cnidaria, 
Uniramia and Nemertea. The Polychaeta, Malacostraca and Bivalvia, which were the 
most speciose classes during both seasons, were represented by 27, eight and five 
species, respectively, during summer and by 13, eight and seven species, respectively, 
during winter.  
During summer, the greatest number of species was recorded at habitat type 13 
(34), which was located in the lower reaches of the estuary, followed by that at habitat 
types 6 and 18 (24; Tables 4.1a, b), located in the middle and lower reaches, 
respectively. Habitat types 1 and 7, which were positioned in the uppermost and middle 
reaches of the estuary, respectively, contained the least number of species in this season 
(9 and 15, respectively; Table 4.1a). By far the greatest total number of benthic 
macroinvertebrates was recorded at habitat type 7 (32 260), despite the fact that this 
habitat type contained among the lowest number of species in this season. The next 
greatest overall number of individuals was found at the relatively speciose habitat type 
18 (18 552). The lowest total numbers of benthic macroinvertebrates in  
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Table 4.1a  Mean density (M), standard deviation (SD), percentage contributions to the total number of individuals (%C) and the rank by density (R) of the benthic 
macroinvertebrate taxa in samples collected at habitat types 1, 3, 6 and 7 in the Swan-Canning Estuary in summer 2005. Each taxon has been assigned to 
its respective phyla (ph; A-Annelida, C-Crustacea, M-Mollusca, S-Sipuncula, U-Uniramia, N-Nematoda, Cn-Cnidaria, Ne-Nemertea, P-Platyhelminthes). 
The number of taxa and the total number of individuals (after the number of individuals in each sample had been adjusted to that in 0.1 m
-2) are also 
provided for each habitat type. 
 
     1    3  6  7 
  ph   M  SD %C  R   M  SD %C  R   M  SD %C  R    M  SD  %C  R 
Ceratonereis aequisetis  A  113.5 143.5 34.9  1    124.0 173.0 13.1  4   104.2  93.8  20.9  2   433.3  225.7  13.4  3 
Oligochaete spp.  A   69.8 178.9 21.5  2    134.4 296.2 14.2  3   6.3  19.8  1.3  12   1421.9 1285.9  44.1  1 
Leitoscoloplos normalis  A    49.0  105.2  15.1  3  54.2  92.2  5.7 7  64.6 67.8 13.0 4   55.2  87.0  1.7 6 
Arthritica semen  M   36.5  77.4 11.2  4    204.2 327.4 21.5  1   4.2 10.1  0.8  14   54.2  57.4  1.7  7 
Musculista senhausia  M   29.2 68.2 9.0  5    6.3 14.1 0.7  13                     
Boccardiella limnicola  A   10.4 24.1 3.2  6    4.2 10.1 0.4  16              2.1  4.4  0.1  11 
Paracorophium excavatum  C    8.3  20.1  2.6  7    160.4  290.6  16.9  2                 
Capitella sp.  A   4.2  7.3  1.3  8    68.8 100.4  7.2  5   181.2  324.8  36.4  1   543.8  338.3  16.9  2 
Polydora sp. 2  A    4.2  7.3  1.3  8                            
Corophium minor  C            63.5 152.6  6.7 6            319.8  356.6  9.9  4 
Grandidierella propodentata  C           32.3  53.4  3.4 8  13.5 17.7  2.7 7   53.1  55.4  1.6 8 
Sanguinolaria biradiata  M           29.2  51.5  3.1 9  28.1 46.1  5.6 6   32.3  34.9  1.0  10 
Paranthurid sp. 2  C            27.1  78.4  2.9  10            1.0  3.3 >0.1 14 
Prionospio cirrifera  A            17.7  37.4  1.9  11            1.0  3.3 >0.1 14 
Desdemona ornata  A            7.3  23.1  0.8  12                   
Pseudopolydora kempi  A            5.2  8.9  0.5  14   50.0 98.2  10.0 5   37.5  39.3  1.2  9 
Amphipod sp. 34  C            5.2  11.3  0.5  14                   
Orbiniella sp.  A            2.1  6.6  0.2  17                   
Spisula trigonella  M            1.0  3.3  0.1  18                   
Nassarius sp.  M            1.0  3.3  0.1  18   11.5 26.2  2.3 8   3.1  5.0  0.1 11 
Polydora socialis  A              1.0  3.3  0.1 18    4.2  10.1  0.8 14           
Sipunculan sp. 1  S                     68.7  119.4  13.8 3          
Nematode spp.  N                     11.5 26.2  2.3 8   265.6  284.6  8.2  5 
Australonereis ehlersii  A                     7.3 23.1  1.5  10          
Brania sp.  A                      7.3  19.7  1.5  10            
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     1    3  6  7 
  ph   M  SD %C  R   M  SD %C  R   M  SD %C  R    M  SD  %C  R 
Platyhelminthes sp.  P                      6.3  19.8  1.3  12           
Carazziella sp.2  A                      4.2  10.1  0.8  14           
Magelona sp.  A                      3.1  9.9  0.6  17           
Sipunculan sp. 5  S                      2.3  3.1  0.5  18           
Tellina deltoidalis  M                      2.1  4.4  0.4  19           
Carazziella victoriensis  A                      1.0  3.3  0.2  20           
Velacumantus australis  M                      1.0  3.3  0.2  20    2.1 4.4  0.1  11 
Heteromastus sp.  A                      1.0  3.3  0.2  20           
Lumbrinerid sp.  A                      1.0  3.3  0.2  20           
Sipunculan sp. 3  S                      1.0  1.1  0.2  20           
Capitellid sp.  A                                       
Nephtys graverii  A                                       
Maldanis sp.  A                                       
Marphysa sp.  A                                       
Syllid sp. 7  A                                       
Paranthurid sp. 3  C                                       
Tanais dulongii  C                                       
Phyllodoce sp.  A                                       
Rhyncospio sp. 2  A                                       
Pseudopolydora sp. 4  A                                       
Nemertean sp.  N e                                       
Syllid sp. 8  A                                       
Syllid sp. 9  A                                       
Ostracod sp. 3  C                                       
Diogenid sp.  C                                       
Fusinus sp.  M                                       
Overall  density      325.0  445.9       949.0  1074.9       497.9  503.2       3226.0  1689.4     
Number  of  species      3.4  2.6       6.0  4.9       5.6  2.5       9.0  1.2     
Total  number  of  individuals        3250         9489         4979         32260    
Total  number  of  species        9         20         24         15    
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Table 4.1b  Mean density (M), standard deviation (SD), percentage contributions to the total number of individuals (%C) and the rank by density (R) of the benthic 
macroinvertebrate taxa in samples collected at habitat types 9, 10, 13 and 18 in the Swan-Canning Estuary in summer 2005. Each taxon has been assigned 
to its respective phyla (ph; A-Annelida, C-Crustacea, M-Mollusca, S-Sipuncula, U-Uniramia, N-Nematoda, Cn-Cnidaria, Ne-Nemertea, 
P-Platyhelminthes). The number of taxa and the total number of individuals (after the number of individuals in each sample had been adjusted to that in 
0.1 m
-2) are also provided for each habitat type. 
 
     9    10   13   18 
 ph    M  SD %C  R   M  SD %C  R    M  SD  %C  R    M  SD  %C R 
Ceratonereis aequisetis  A    29.2  64.0  3.8  3    150.0 193.8 47.8  1    24.0  56.2  2.1  8   225.0  346.2  12.1  3 
Oligochaete spp.  A    292.7  486.8 38.3  2   17.7 17.7 5.6 5   661.5 988.8  58.6  1   509.4 603.8 27.5 2 
Leitoscoloplos normalis  A    12.5  16.9 1.6  8    7.3 9.9  2.3  7    47.9 56.7  4.2  4    52.1 73.0 2.8  7 
Arthritica semen  M             18.8  44.1  6.0  4    5.2  11.3  0.5  15    129.2  226.9  7.0  4 
Musculista senhausia  M              3.1  7.0  1.0  11                   
Boccardiella limnicola  A              1.0 3.3  0.3  17             8.3 22.9 0.4  12 
Paracorophium excavatum  C              4.2  10.1  1.3  8                   
Capitella sp.  A    313.5  259.9 41.1  1   13.5 18.4 4.3 6   114.6 181.6  10.2  2   528.1 279.5 28.5 1 
Polydora sp. 2  A                                    
Corophium minor  C              58.3 104.4 18.6  2    56.3  159.9  5.0  3   114.6  247.0  6.2  5 
Grandidierella propodentata  C             2.1  4.4  0.7  13             100.0  139.5  5.4  6 
Sanguinolaria biradiata  M    27.1  26.1 3.5  4    4.2 7.3  1.3  8   8.3 16.9  0.7  13    40.6 40.6 2.2  9 
Paranthurid sp. 2  C    3.1  7.0  0.4  11    19.8  34.2  6.3  3    1.0 3.3  0.1  25    4.2 8.8  0.2  18 
Prionospio cirrifera  A    3.1 5.0  0.4  11  2.1  6.6 0.7  13    1.0  3.3 0.1  25           
Desdemona ornata  A                                    
Pseudopolydora kempi  A    17.7  24.6 2.3  6             44.8 78.3  4.0  5    43.8 47.3 2.4  8 
Amphipod sp. 34  C                                    
Orbiniella sp.  A                                    
Spisula trigonella  M              2.1 6.6  0.7  13             1.0  3.3 0.1  20 
Nassarius sp.  M    7.3  11.0 1.0  10    3.1 5.0  1.0  11    10.4 14.7  0.9  12   5.2 10.1 0.3  14 
Polydora socialis  A                                       
Sipunculan sp. 1  S                      3.1  9.9  0.3  19           
Nematode spp.  N    10.4  14.7 1.4  9              24.0 37.7  2.1  8   7.3 13.0 0.4  12 
Australonereis ehlersii  A    14.6  39.3 1.9  7              25.0 48.7  2.2  6   6.3 19.8 0.3  14 
Brania sp.  A                      1.0 3.3  0.1  25            
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     9    10   13   18 
 ph    M  SD %C  R   M  SD %C  R    M  SD  %C  R    M  SD  %C R 
Platyhelminthes sp.  P                                      
Carazziella sp.2  A                                      
Magelona sp.  A                      1.0 3.3  0.1  25           
Sipunculan sp. 5  S                      2.1 6.6  0.2  22    4.2  10.1  0.2  18 
Tellina deltoidalis  M                               1.0 3.3  0.1  20 
Carazziella victoriensis  A                      16.7  36.5  1.5  11    24.0  45.8  1.3  11 
Velacumantus australis  M    24.0  19.0  3.1  5  2.1  6.6  0.7 13  3.1  7.0  0.3 19   5.2  11.3  0.3  14 
Heteromastus sp.  A    3.1  7.0  0.4 11            18.8  28.1  1.7 10  36.5  51.1  2.0  10 
Lumbrinerid sp.  A                     1.0  3.3  0.1 25          
Sipunculan sp. 3  S    1.0  3.3  0.1 15                     5.2  13.2  0.3  14 
Capitellid sp.  A    2.1  6.6  0.3 14                            
Nephtys graverii  A    1.0  3.3  0.1 15           5.2  8.9  0.5 15          
Maldanis sp.  A    1.0  3.3  0.1 15           1.0  3.3  0.1 25          
Marphysa sp.  A             4.2  5.4  1.3  8                    
Syllid sp. 7  A                      25.0  47.9  2.2  6         
Paranthurid sp. 3  C                      6.3  14.1  0.6  14    2.1 4.4  0.1  20 
Tanais dulongii  C                      4.2 8.8  0.4  17         
Phyllodoce sp.  A                      4.2 7.3  0.4  17    1.0 3.3  0.1  20 
Rhyncospio sp. 2  A                      3.1 9.9  0.3  19         
Pseudopolydora sp. 4  A                      2.1 6.6  0.2  22         
Nemertean sp.  Ne                      2.1 6.6  0.2  22         
Syllid sp. 8  A                      1.0 3.3  0.1  25         
Syllid sp. 9  A                      1.0 3.3  0.1  25         
Ostracod sp. 3  C                      1.0 3.3  0.1  25         
Diogenid sp.  C                      1.0 3.3  0.1  25         
Fusinus sp.  M                              1.0 3.3  0.1  20 
Overall density      763.5  752.2       313.5  272.1       1128.1  1223.6       1855.2  1159.4     
Number of species      6.8  2.0       5.5  1.7       8.8 4.7       10.9 1.2     
Total number of individuals        7635         3135         11281         18552    
Total number of species        17         17         34         24     
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Table 4.2a  Mean density (M), standard deviation (SD), percentage contributions to the total number of individuals (%C) and the rank by density (R) of the benthic 
macroinvertebrate taxa in samples collected at habitat types 1, 3, 6 and 7 in the Swan-Canning Estuary in winter 2005. Each taxon has been assigned to 
its respective phyla (ph; A-Annelida, C-Crustacea, M-Mollusca, S-Sipuncula, U-Uniramia, N-Nematoda, Cn-Cnidaria, Ne-Nemertea, P-Platyhelminthes). 
The number of taxa and the total number of individuals (after the number of individuals in each sample had been adjusted to that in 0.1 m
-2) are also 
provided for each habitat type. 
 
      1   3   6   7 
  ph    M  SD  %C R   M  SD  %C R   M  SD  %C  R   M  SD  %C R 
Ceratonereis aequisetis  A    152.1 129.8  27.9 1   365.6  131.3  27.4  2   268.8  184.6  16.3  2    318.8  151.4 17.0  3 
Leitoscoloplos normalis  A    124.0  92.8  22.7  2    75.0 48.3 5.6  5    101.0  126.3 6.1 6    103.1 85.0  5.5  6 
Desdemona ornata  A    104.2 282.8  19.1 3                             
Arthritica semen  M    72.9  59.9  13.4  4   203.1  317.0  15.2  3    66.7  96.0  4.0  8   141.7  132.9  7.6  5 
Musculista senhausia  M    27.1 34.8  5.0  5    26.0  49.4  2.0  7                    
Grandidierella propodentata  C    16.7 31.5  3.1  6    89.6  67.0  6.7  4    235.4  207.0  14.3 3   288.5  306.6  15.4  4 
Boccardiella limnicola  A    16.7 45.6  3.1  6    27.1  22.1  2.0  7                    
Paracorophium excavatum  C    15.6 33.8  2.9  8    484.4  301.5  36.3  1                    
Paratanytarsus grimmii  U    10.4  29.5  1.9  9                            
Sanguinolaria biradiata  M    2.1  6.6 0.4  10    13.5 18.4 1.0  9    151.0  166.9 9.1 5    36.5 27.5  1.9  7 
Carazziella victoriensis  A    2.1  6.6 0.4  10             12.5 29.4 0.8  12   8.3 16.9 0.4  11 
Corophium minor  C    1.0 3.3  0.2  12              153.1  183.2  9.3  4    434.4  389.0  23.2  2 
Carazziella sp.2  A    1.0  3.3  0.2  12                            
Capitella sp.  A             44.8  50.1  3.4  6    426.0  120.2  25.8  1    459.4  224.5  24.5  1 
Marphysa sp.  A              3.1 7.0  0.2  10    1.0 3.3  0.1  20    1.0 3.3  0.1  13 
Manerogenia maneroo  C             1.0  3.3  0.1  11                     
Pseudopolydora kempi  A                       89.6  88.4  5.4  7    36.5  31.9  1.9  7 
Australonereis ehlersii  A                       43.8  69.2  2.6  9    5.2  8.9  0.3  12 
Oligochaete spp.  A                       31.3  63.8  1.9  10    27.1  37.8  1.4  8 
Prionospio cirrifera  A                     29.2  62.5  1.8  11         
Velacumantus australis  M                     10.4  15.5  0.6  13         
Spisula trigonella  M                      8.3 19.5 0.5  14   9.4 23.3 0.5  10 
Tellina deltoidalis  M                     5.2  10.1  0.3  15         
Nassarius sp.  M                       4.2  7.3  0.3  15    1.0  3.3  0.1  13 
Polydora socialis  A                     4.2  10.1  0.3  15          
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      1   3   6   7 
  ph    M  SD  %C R   M  SD  %C R   M  SD  %C  R   M  SD  %C R 
Tanais dulongii  C                      4.2  10.1  0.3  15          
Venerupis crenata  M                      3.1 5.0  0.2  19          
Sipunculan sp. 5  S                      1.0 3.3  0.1  20          
Fusinus sp.  M                      1.0 3.3  0.1  20          
Nematode spp.  N                                1.0 3.3  0.1  13 
Laternula sp.  M                                      
Actinarian sp.  Cn                                      
Paranthurid sp. 2  C                                      
Sphaeromatid sp.  C                                      
Heteromastus sp.  A                                      
Amphipod sp. 33  C                                      
Overall  density     545.8  422.3       1333.3  476.4       1651.0  396.2        1871.9  1032.4     
Number of species      5.2  2.2        7.8  1.1        10.5  1.3        9.1  1.7     
Total number of individuals        5458          13333          16510          18718     
Total number of species        13          11          22          15     
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Table 4.2b  Mean density (M), standard deviation (SD), percentage contributions to the total number of individuals (%C) and the rank by density (R) of the benthic 
macroinvertebrate taxa in samples collected at habitat types 9, 10, 13 and 18 in the Swan-Canning Estuary in winter 2005. Each taxon has been assigned 
to its respective phyla (ph) (A-Annelida, C-Crustacea, M-Mollusca, S-Sipuncula, U-Uniramia, N-Nematoda, Cn-Cnidaria). The number of taxa and the 
total number of individuals (after the number of individuals in each sample had been adjusted to that in 0.1 m
-2) are also provided for each habitat type. 
 
     9   10    13   18 
  ph    M  SD  %C R   M  SD  %C R   M  SD  %C R   M  SD  %C  R 
Ceratonereis aequisetis  A    53.1  58.4  2.5 6   263.5 277.2  12.2 4    142.7  200.3 6.3 7    116.7  108.9 4.3  7 
Leitoscoloplos normalis  A    254.2  113.8 11.8 4   271.9 153.3  12.6 3    262.5  174.4  11.5 4    191.7  219.2 7.1  6 
Desdemona ornata  A             671.9  1528.9  31.1  1                    
Arthritica semen  M    26.0  42.3  1.2 8  81.3 129.8  3.8 7   62.5  197.6 2.7 8   25.0 35.5 0.9  8 
Musculista senhausia  M                                      
Grandidierella propodentata  C    88.5  85.2  4.1 5   385.4 198.8  17.8 2    476.0  863.9  20.9 2    509.4  397.4  18.9  3 
Boccardiella limnicola  A            9.4 14.3  0.4  11            1.0 3.3  >0.1  20 
Paracorophium excavatum  C            2.1  4.4  0.1  14                    
Paratanytarsus grimmii  U                                      
Sanguinolaria biradiata  M    636.5  257.4 29.6 1   103.1 101.3  4.8 6    204.2  235.2 9.0 5    533.3  315.8  19.8  2 
Carazziella victoriensis  A    5.2  7.4 0.2  12    8.3  16.9 0.4  11    19.8 25.7 0.9  11    2.1  4.4 0.1  15 
Corophium minor  C    34.4  43.9  1.6 7  32.3  33.1  1.5  10    271.9  411.7  11.9 3    256.3  255.1 9.5  5 
Carazziella sp.2  A                                      
Capitella sp.  A    455.2  441.0 21.1 3  57.3 103.7  2.7 9    186.5  178.2 8.2 6    678.1  332.3  25.2  1 
Marphysa sp.  A                                      
Manerogenia maneroo  C                                      
Pseudopolydora kempi  A    527.1  509.6 24.5 2   183.3 173.5  8.5 5    543.8  302.5  23.9 1    303.1  321.6  11.2  4 
Australonereis ehlersii  A    18.7 16.9 0.9  10    80.2  94.1 3.7  8    42.7 60.4 1.9  9    16.7 31.5 0.6  10 
Oligochaete spp.  A    25.0  34.4  1.2 8   1.0  3.3  >0.1  16   17.7 32.6 0.8  12   25.0 39.3 0.9  8 
Prionospio cirrifera  A    2.1  4.4  0.1 14             1.0  3.3 >0.1 16   2.1  6.6  0.1  15 
Velacumantus australis  M    14.6  22.6  0.7 11             5.2  11.3  0.2 13   4.2  7.3  0.2  12 
Spisula trigonella  M    2.1  4.4 0.1  14    4.2  5.4 0.2  13    5.2 10.1 0.2  13    9.4 14.3 0.3  11 
Tellina deltoidalis  M                                      
Nassarius sp.  M    5.2 5.5  0.2  12                        3.1  7.0  0.1  15 
Polydora socialis  A                       1.0  3.3 >0.1 16   1.0  3.3 >0.1  20 
     9   10    13   18  
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  ph    M  SD  %C R   M  SD  %C R   M  SD  %C R   M  SD  %C  R 
Tanais dulongii  C    3.1 9.9  0.1  14             30.2  30.4  1.3  10    5.2  13.2  0.2  12 
Venerupis crenata  M                              1.0  3.3  >0.1  20 
Sipunculan sp. 5  S                              2.1  6.6  0.1  15 
Fusinus sp.  M                                    
Nematode spp.  N                                    
Laternula sp.  M    1.0 3.3  >0.1  17                           
Actinarian sp.  Cn    1.0 3.3  >0.1  17                           
Paranthurid sp. 2  C             3.1  5.0  0.1  14             1.0  3.3  >0.1  20 
Sphaeromatid sp.  C             1.0  3.3  >0.1  16                   
Heteromastus sp.  A                     3.1  5.0  0.1  15    3.1  9.9  0.1  15 
Amphipod sp. 33  C                              5.2  16.5  0.2  12 
Overall  density     2153.1 1107.7      2159.4  1783.6      2276.0 1749.1      2695.8  679.4    
Number of species      10.4  1.5        9.6  2.2        9.6  1.8        10.2  1.2     
Total number of individuals        21531          21593          22760          26958     
Total number of species        18          17          17          23      
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summer were recorded at habitat types 10 and 1 and the relatively speciose habitat type 
6 (3135-4979 individuals). 
In summer, the species assemblages at the upper estuary habitat types (1 and 3), 
were dominated by the polychaetes Ceratonereis aequisetis and Leitoscoloplos 
normalis, Oligochaete spp., and the bivalve Arthritica semen, i.e. these species 
contributed ≥5% to the total number of individuals at these habitat types (Table 4.1a). 
However, whereas C. aequisetis contributed ~35% to the total number of individuals at 
habitat type 1, it represented only ~13% of those at habitat type 3. Conversely, A. semen 
contributed 21.5% to the total number of individuals at habitat type 3, yet only 11.2% to 
those recorded at habitat type 1. Furthermore, the second most abundant species at 
habitat type 3, the amphipod Paracorophium excavatum, was not abundant at habitat 
type 1, neither were Capitella sp. or Corophium minor. Differences between the species 
assemblages at these two habitat types were further exemplified by the fact that 12 
species found at habitat type 3 were never recorded at habitat type 1 (Table 4.1a). 
Substantial differences also existed, during this season, among the species 
assemblages at habitat types 6, 7 and 10, located in different regions of the middle 
estuary. Thus, while Capitella sp. ranked first and second at habitat types 6 and 7, 
respectively (36.4 and 16.9%, respectively), it was not abundant at habitat type 10 
(Table 4.1a, b). Furthermore, although C. aequisetis was among the three most abundant 
species at the above habitat types, it varied in its percentage contribution from 47.8% at 
habitat type 10 to 13.4% at habitat type 7. Likewise, Oligochaete spp. contributed 
between 44.1% to the total number of individuals at habitat type 7, yet was not abundant 
at habitat type 6 and represented only 5.6% of the individuals recorded at habitat type 
10. Sipunculan sp. 1, Leitoscoloplos normalis, Pseudopolydora kempi, and 
Sanguinolaria biradiata were also relatively abundant at habitat type 6 but not at any of 
the other middle estuary habitat types, and the same was true of Nematode spp. at  
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habitat type 7 and the isopod Paranthurid sp. 2 and A. semen at habitat type 10. 
Corophium minor was, however, abundant at both habitat types 10 and 7 (Table 
4.1a, b). 
The assemblages at habitat types 9, 13 and 18, located in the lower reaches of 
the estuary, were each dominated, during summer, by Capitella sp. and Oligochaete 
spp, i.e. they either ranked first or second (Table 4.1b). The former species contributed 
41.1% to the total number of individuals at habitat type 9 but only 10.2% to that at 
habitat type 13, whereas the latter species comprised 58.6% of the individuals at habitat 
type 13 and only 27.5% of those at habitat type 18. However, while C. aequisetis ranked 
third at habitat types 9 and 18, this species was not abundant at the former habitat, or at 
habitat type 13. Corophium minor, which was not recorded at habitat type 9, was 
relatively abundant at habitat types 13 and 18 and A. semen, Grandidierella 
propodentata and L. normalis were also abundant at the latter habitat type (Table 4.1b). 
During winter, the greatest number of species recorded throughout the estuary 
was found at habitat types 18 and 6 (23 and 22, respectively) and least at habitat types 3 
and 1 (11 and 13, respectively), (Table 4.2a, b). The greatest total number of individuals 
in this season was recorded at habitat type 18 (26 958), but this was followed closely by 
that recorded at habitat types 9, 10 and 13 (21531-22760). The least, by far, was 
recorded at habitat type 1 (5458).  
Ceratonereis aequisetis, L. normalis and A. semen were among the most 
abundant species at habitat types 1 and 3 during winter (Table 4.2a). However, 
P excavatum, which ranked first at habitat type 3 and contributed 36.3% to the total 
number of individuals, represented only 2.9% to that at habitat type 1. Similarly, 
G. propodentata, which contributed 6.7% to the total number of individuals at habitat 
type 3, was not abundant at habitat type 1. Conversely, the third most abundant species 
at habitat type 1, the polychaete Desdemona ornata (19.1%), was not recorded at habitat  
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type 3 in this season. In contrast to the situation in summer, only three species found at 
habitat type 3 during winter were not recorded at habitat type 1, whereas the converse 
was true for five species recorded at habitat type 1 (Table 4.2a). 
The assemblages at middle estuary habitat types 6 and 7 in winter were 
dominated by Capitella sp., C. minor, C. aequisetis and G. propodentata, with the latter 
two species also being among the most abundant at habitat type 10. Like the situation in 
summer, while Capitella sp. ranked first at habitat types 6 and 7 (25.8% and 24.5%, 
respectively), it was not abundant at habitat type 10 in winter (Table 4.2a, b). Indeed, 
the assemblage at habitat type 10 was dominated by D. ornata (31.1%), which was 
never recorded at habitat types 6 or 7, or at any other lower-middle estuary habitat type 
in either season. Furthermore, the third most abundant species at habitat type 10, 
L. normalis (12.6%), comprised only 6.1 and 5.5% of the total number of individuals at 
habitat types 6 and 7, respectively. Moreover, Sanguinolaria biradiata and P. kempi 
were relatively abundant at habitat type 6 and, in the case of the latter species, also at 
habitat type 10, but neither was abundant at habitat type 7, whereas the opposite was 
true of A. semen (Table 4.2a, b). 
Sanguinolaria biradiata, P. kempi, Capitella sp., and L. normalis were among 
the most dominant species at the lower estuary habitat types 9, 13 and 18 during winter. 
However, whereas S. biradiata contributed 29.6% to the total number of individuals at 
habitat type 9, where it ranked first, it contributed only 19.8 and 9.0% to those at habitat 
types 18 and 13, respectively. Conversely, P. kempi and Capitella sp. ranked first at 
habitat types 13 and 18, respectively, and were both almost equally abundant at habitat 
type 9. However, G. propodentata and C. minor, which contributed at least 18 and 9%, 
respectively, to the total number of individuals at habitat types 13 and 18, were not 
abundant at habitat type 9. (Table 4.2b). 
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4.3.1.1 Number of species and densities of benthic macroinvertebrates 
Two-way ANOVA showed that both the mean number of species and mean 
overall densities of benthic macroinvertebrates differed significantly between habitat 
types and seasons and that there was a significant two-way habitat x season interaction 
for each of these dependent variables (Table 4.3). In both cases, the mean squares were 
much greater for season than habitat and least for the interaction (Table 4.3).  
The mean number of species was greater during winter than summer at all 
habitat types except 18. However, this difference was significant only at habitat types 6, 
9 and 10 and at the first and last of these habitat types, the mean was approximately 
twice that recorded in summer (Fig. 4.1a). 
During summer, the mean numbers of species at habitat types 1, 3, 6 and 10 
(3.4-6.0) were significantly lower than those at habitat types 7, 13, and 18 (8.8-10.9), 
with the least number of species being recorded at habitat type 1, the most upstream 
habitat type, and the greatest at habitat type 18, the most downstream habitat type (Fig. 
4.1a). During winter, the mean number of species at habitat type 1 (5.2) was also the 
lowest recorded of any habitat type and was significantly lower than that at all other 
habitat types except 3 (9.1-10.5). 
The mean density of benthic macroinvertebrates was greater in winter than in 
summer at all habitat types except 7, where a pronounced peak was found to occur (Fig. 
4.1b). However, only those densities at habitat types 6, 9, 10 and 13 were significantly 
greater in winter than in summer (Fig. 4.1b).  
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Table 4.3  Mean squares (MS) and their significance levels (p) for ANOVAs on the number of species, density, average taxonomic distinctness (Δ+) and variation in 
taxonomic distinctness (Λ+) of the benthic macroinvertebrate assemblages at eight habitat types in the Swan-Canning Estuary during summer and winter 
in 2005. df=degrees of freedom. Significant results are highlighted in bold. 
 
       
Number of 
Species   Density      Δ+   Λ+ 
  df MS  p  MS  p   MS  p  MS  p 
Main Effects                     
Habitat  7  70.01 <0.001 1979.91 <0.001   8.86 0.014 106.13 0.001
Season  1  168.14 <0.001 6436.52 <0.001   15.54 0.034 1004.41 <0.001
Two-way Interactions                     
Habitat * Season  7  19.84 <0.001 764.62 <0.001   3.99 0.319 36.82 0.249
Error  144   5.7   171.1    3.38    28.07  
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Figure 4.1  Mean ± 95% confidence intervals of (a) the number of species and (b) the densities 
of benthic macroinvertebrates at eight habitat types in the Swan-Canning Estuary 
during summer and winter in 2005  
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During summer, the mean density of benthic macroinvertebrates was greatest at 
habitat type 7 (~3029 individuals 0.1m
-2), which was far greater than that recorded at all 
other habitat types during both that season and in winter (~178-2659 individuals 0.1m
-2; 
Fig. 4.1b). Moreover, the mean density of benthic macroinvertebrates at habitat type 18 
during summer (~1698 individuals 0.1m
-2) was significantly greater than that recorded 
at habitat types 1, 6 and 10 (Fig. 4.1b). During winter, the mean density of benthic 
macroinvertebrates rose progressively from habitat type 1 to 18. The mean density at 
habitat type 1 (~ 458 individuals 0.1m
-2) was significantly less than that at all other 
habitat types (~1626-2658 individuals 0.1m
-2) except 3 (Fig. 4.1b). 
 
4.3.1.2 Diversity of benthic macroinvertebrates 
ANOVA showed that the Δ+ and Λ+ of the samples at each habitat type in each 
season differed significantly among habitat types and between seasons and that the 
means squares were greatest for season in each case (Table 4.3).  
The mean Δ+ and, particularly Λ+, were greater in winter than in summer 
(Fig. 4.2a, c). Both of these diversity indices rose progressively from habitat types 1-7, 
after which they effectively plateaued in the remaining habitat types. Thus, mean Δ+ 
was significantly greater at habitat types 6, 7, 9, 10 and 18 than at habitat type 1, while 
mean Λ+ was greater at habitat types 7-18 than at habitat type 1 (Fig. 4.2b, d). 
Bivariate analyses showed that the Δ+ and Λ+ of the benthic macroinvertebrate 
assemblages at the eight habitat types and in summer and winter fell within their 
respective probability ellipses and were thus consistent with that expected at each 
habitat type and in each season for the benthic macroinvertebrate assemblages in the 
Swan-Canning Estuary (Fig. 4.3a, b).The overall taxonomic structure of the benthic 
macroinvertebrate fauna in this system is characterised by a negative correlation 
between Δ+ and Λ+. Thus, the overall taxonomic structure of the assemblages at habitat  
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Figure 4.2  Mean ± 95% confidence intervals of the average taxonomic distinctness (Δ+) and 
variation in taxonomic distinctness (Λ+) of benthic macroinvertebrates in summer 
and winter (a&c) and at each habitat type (b&d) in the Swan-Canning Estuary in 
2005. 
 
types 1, 3 and 13 was characterised by greater Λ+ and lower Δ+ than that at habitat 
types 7 and 10 which, in turn, were characterised by greater Λ+ and lower Δ+ than at 
habitat types 6, 9 and 18 (Fig. 4.3a). Similarly, the overall taxonomic structure in 
summer was characterised by greater Λ+ and lower Δ+ than that in winter (Fig. 4.3b). 
 
4.3.1.3 Composition of benthic macroinvertebrate assemblages among habitat types 
Two-way crossed habitat type x season ANOSIMs, calculated from the densities 
of each benthic macroinvertebrate taxon in each replicate sample at each habitat type in   
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Figure 4.3  Scatterplots of the average taxonomic distinctness (Δ+) and variation in taxonomic 
distinctness (Λ+) for the benthic macroinvertebrate species at (a) each habitat type 
and (b) in each season in the Swan-Canning Estuary in 2005 with the relevant 
probability ellipses overlaid. The number of species at each habitat and season is 
given in brackets. N.B. Values for Δ+ and Λ+ at each habitat type were based on 
the species present in both seasons and those for each season were based on those 
present at all habitat types.  
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both summer and winter in 2005, showed that, overall, the compositions of the 
assemblages differed significantly among both habitat types and seasons (p=0.1%; 
Table 4.4). While only the habitat type component of that test is presented in the 
preceding table, it is worth noting that the Global R-statistic was almost identical for 
each of these factors, i.e. 0.408 and 0.409 for habitat type and season, respectively. The 
pairwise comparisons between all eight habitat types showed that the compositions of 
the benthic macroinvertebrate assemblages differed significantly in all cases and that the 
greatest difference was between habitat types 1 and 18 (R-statistic=0.669; Table 4.4). 
Attention was next focused on examining the extent of the differences in 
assemblage composition among habitat types once the confounding influence of season 
had been removed. Thus, one-way ANOSIM tests for habitat type were performed 
separately for the data collected in each season. These tests showed that, in each season, 
the compositions of the benthic macroinvertebrate assemblages differed significantly 
among habitat types (p=0.1), but that the extent of those differences in winter was 
considerably greater than in summer (Global R-statistic= 0.536 vs 0.280, respectively; 
Tables 4.5 & 4.6).  
Pairwise comparisons in the above tests showed that, during summer, the 
greatest differences were those between the assemblages at habitat type 1 vs 7, 9 and 18, 
habitat type 3 vs 9, habitat type 7 vs 6, 9 and 10, and habitat type 18 vs 10 (R-
statistics=0.416-0.570, p=0.1%; Table 4.5). The least differences occurred between 
habitat types 1 vs 3 and 10 followed by those at habitat type 13 vs 3 and 9 and habitat 
type 18 vs 7 (R-statistics=0.123-0.182; Table 4.5). The assemblages at habitat type 3 vs 
10 were not significantly different (p=14.4%). 
The pairwise ANOSIM tests carried out on the data for benthic 
macroinvertebrate assemblages in winter showed that habitat types 1 and 3 contained, 
by far, the most distinct assemblages, i.e. pairwise R-statistics for these habitat types  
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Table 4.4  R-statistic values and significance levels (p%) detected by two-way crossed ANOSIM tests carried out on the compositions of the benthic 
macroinvertebrate fauna at eight habitat types in the Swan-Canning Estuary in summer and winter of 2005. N.B. Only the habitat type component of the 
two-way crossed ANOSIM test has been shown. Significant results have been highlighted in boldface. 
 
Habitat type Global R-statistic=0.408, P=0.1% 
  1 3 6 7 9  10  13 
 R  p% R p% R p% R p% R p% R p% R p% 
1                       
3  0.303  0.1              
6  0.522  0.1  0.535  0.1            
7  0.616  0.1  0.623  0.1  0.316  0.1          
9  0.626 0.1 0.635 0.1 0.285 0.1 0.648 0.1             
10 0.419 0.1 0.400 0.1 0.301 0.1 0.453 0.1 0.402 0.1         
13 0.581 0.1 0.578 0.1 0.298 0.1 0.463 0.1 0.241 0.1 0.319 0.1     
18 0.669 0.1 0.597 0.1 0.161 0.2 0.237 0.1 0.250 0.2 0.394 0.1 0.216 0.1 
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Table 4.5  R-statistic values and significance levels (p%) detected by one-way crossed ANOSIM tests carried out on the compositions of the benthic 
macroinvertebrate fauna at eight habitat types in the Swan-Canning Estuary in summer 2005. Significant results have been highlighted in boldface. 
 
Habitat type Global R-statistic=0.280, p=0.1% 
 1  3  6  7  9  10  13 
 R  p% R  p% R  p% R p% R p% R p% R p% 
1                        
3  0.123  2.4                
6  0.255  0.4  0.226  0.1            
7  0.494  0.1  0.300  0.1  0.446  0.1          
9  0.416 0.1 0.416  0.1 0.313 0.1 0.570 0.1             
10 0.173 0.9 0.072 14.4  0.345 0.1 0.430 0.1 0.333 0.1         
13 0.291 0.1 0.175  2.0 0.384 0.1 0.374 0.1 0.182 0.9 0.306 0.1     
18 0.494 0.1 0.223  0.1 0.266 0.1 0.153 3.0 0.348 0.1 0.438 0.1 0.253 0.1 
 
 
Table 4.6  R-statistic values and significance levels (p%) detected by one-way crossed ANOSIM tests carried out on the compositions of the benthic 
macroinvertebrate fauna at eight habitat types in the Swan-Canning Estuary in winter 2005. Significant results have been highlighted in boldface. 
 
Habitat type Global R-statistic=0.536, p=0.1% 
 1  3  6  7  9  10  13 
 R  p% R  p% R  p% R  p% R p% R p% R p% 
1                       
3  0.484  0.1               
6  0.789  0.1  0.844  0.1              
7  0.737  0.1  0.945  0.1  0.185  0.1          
9  0.836  0.1  0.993  0.1  0.257  0.3  0.725  0.1        
10 0.666  0.2  0.726 0.1 0.257  0.7 0.475 0.1 0.471 0.1         
13 0.872  0.1  0.981 0.1 0.211  0.1 0.551 0.1 0.300 0.1 0.333 0.1     
18 0.845  0.1  0.971 0.1 0.055 16.0  0.320 0.1 0.152 1.9 0.351 0.2 0.180 0.9  
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compared to each other habitat type ranged between 0.666 and 0.993. While the 
compositions of the assemblages at these two habitat types were significantly different 
from each other, the R-statistic was only moderately high (0484) (Table 4.6). The least 
differences occurred between the assemblages in habitat type 6 vs 7, 9, 10 and 13 
(R=0.185-0.257, p=0.1%) and also habitat type 18 vs 9 and 13. 
The relative extent of the differences in the compositions of the benthic 
macroinvertebrate assemblages among samples collected at the various habitat types 
were illustrated by subjecting the data recorded in each season to MDS ordination. 
From these plots, it was evident that there was a much clearer separation among groups 
of samples from different habitat types in winter than in summer (Figs 4.4a vs b). The 
plot representing the samples collected in winter showed that the points for habitat types 
1 and 3 formed discrete groups that were separated to the greatest extent from those 
representing the remaining habitat types. Samples for habitat type 10 were separated 
from those for habitat types 6, 7 and 18, while those representing habitat types 9 and 13 
tended to be dispersed throughout these groups (Fig. 4.4b). The plot representing the 
samples collected in summer showed that those for habitat types 7 and 18 were tightly 
clustered and although they overlapped each other, they were relatively well separated 
from those for habitat types 1, 6 and 10 (Fig. 4.4a). The points representing the samples 
at habitat types 3, 6, 9, 10 and 13 during this season were considerably dispersed. 
However, the points for those at habitat type 3 were clearly separated from those for 
habitat types 9 and 13, as were those for habitat type 13 from those for both 1 and 3 
(Fig. 4.4a).  
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Figure 4.4  MDS ordinations of the densities of benthic macroinvertebrate species at eight 
habitat types in (a) summer and (b) winter in 2005 in the Swan-Canning Estuary.  
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SIMPER showed that, during summer, only the assemblages at habitat types 6, 
7, 9, 10 and 18 were typified by relatively consistently occurring suites of species, 
i.e. had relatively large Sim/SD ratios (Table 4.7). Ceratonereis aequisetis typified the 
assemblages at habitat types in the middle reaches of the estuary, i.e. 6, 7 and 10, but 
occurred relatively inconsistently at the latter habitat type. Oligochaete spp. also 
typified the assemblages at habitat types 7 and 10 and the same was true of Capitella sp. 
at habitat type 6 and 7. Habitat type 7, which contained among the lowest overall 
number of species during summer, was also consistently typified by G. propodentata, 
C. minor and A. semen. In contrast, the assemblage at habitat type 9, located in the 
lower reaches of the estuary, from which habitat type 7 was most distinct in summer, 
was typified by only two consistently occurring species, Capitella sp. and S. biradiata, 
the latter of which was not among the most abundant at that habitat type. Habitat type 
18, also in the lower reaches of the estuary, was characterised by a relatively large suite 
of consistently occurring species, which included both of those mentioned above for 
habitat type 9, and also C. aequisetis, L. normalis, Oligochaete spp., P. kempi and 
G. propodentata (Table 4.7). 
In contrast to the situation in summer, the benthic macroinvertebrate 
assemblages at each habitat type in winter were typified by comparatively large suites 
of consistently occurring species and, overall, the Sim/SD ratios were generally higher 
(Table 4.8). Several species were particularly ubiquitous, namely L. normalis and 
C. aequisetis, which typified the assemblages at every habitat type, and Capitella sp., 
which typified the benthic macroinvertebrate fauna at each habitat type except 1 and 10. 
Several species occurred consistently at each or most of the lower-middle estuarine 
habitat types, i.e. S. biradiata, G. propodentata and C. minor. Pseudopolydora kempi 
was most consistent at those habitat types located in the lower reaches, i.e. 9, 13 and 18, 
while A. semen was found consistently at the upper estuarine habitat types (1 and 3)  
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Table 4.7  Species detected by SIMPER as typifying the benthic macroinvertebrate 
assemblages at eight habitat types in the Swan-Canning Estuary during summer 
2005. The species that have the greatest similarity to standard deviation (Sim/SD) 
ratio, i.e. >1, have been highlighted in boldface for each habitat type. The 
% contribution (%C) of each species to the similarity of the compositions within 
each habitat type is also given.  P, Polychaete; A, Amphipod; B, Bivalve; G, 
Gastropod. 
 
  Typifying Species  Average Abundance  Sim/SD  %C 
Habitat type 1  Ceratonereis aequisetis (P) 25.3  0.95  41.36
  Leitoscoloplos normalis (P) 9.2  0.72  20.89
Habitat type 3  Capitella sp.  (P) 12.9  0.65  17.90
Habitat type 6  Ceratonereis aequisetis (P) 68.0  2.86  39.71
  Capitella sp.  (P) 51.9  1.77  27.70
  Leitoscoloplos normalis (P) 14.3  0.65  10.27
  Pseudopolydora kempi (P) 9.3  0.67  7.34
Habitat type 7  Oligochaete spp.    952.7  10.21  20.34
  Ceratonereis aequisetis (P) 368.5  9.14  18.06
  Capitella sp.  (P) 289.9  1.94  15.45
  Corophium minor (A) 82.2  1.48  9.81
  Grandidierella propodentata (A) 31.8  1.92  8.85
  Arthritica semen (B) 22.4  1.22  6.50
  Nematode spp.   34.8  0.68  5.90
  Leitoscoloplos normalis (P) 15.8  0.88  5.17
Habitat type 9  Capitella sp.  (P) 151.3  1.89  32.9
 Oligochaete  spp.  46.0  0.92  16.28
  Velacumantis australis (G)  11.7  0.88  13.98
  Sanguinolaria biradiata (B) 13.9  1.20  13.32
Habitat type 10  Ceratonereis aequisetis (P) 25.8  0.88  25.68
  Oligochaete spp.  10.4  1.20  24.83
Habitat type 13  Oligochaete spp.  72.2  0.84  24.25
  Leitoscoloplos normalis (P) 14.9  0.86  15.65
  Heteromastus sp. (P)  8.0 0.89  11.59
  Pseudopolydora kempi (P) 9.1  0.68  8.88
Habitat type 18  Capitella sp.  (P) 441.1  7.19  21.66
  Oligochaete spp.  152.9  1.75  14.25
  Ceratonereis aequisetis (P) 90.0  3.93  13.78
  Sanguinolaria biradiata (B) 23.6  1.82  9.24
  Leitoscoloplos normalis (P) 25.3  1.81  9.04
  Pseudopolydora kempi (P) 22.9  1.67  8.70
  Grandidierella propodentata (A) 25.8  1.16  7.33
  Corophium minor (A) 16.0  0.88  5.03 
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Table 4.8  Species detected by SIMPER as typifying the benthic macroinvertebrate 
assemblages at eight habitat types in the Swan-Canning Estuary during winter 
2005. The species that have the greatest similarity to standard deviation (Sim/SD) 
ratio, i.e. >1, have been highlighted in boldface for each habitat type. The 
% contribution (%C) of each species to the similarity of the compositions between 
within each habitat type is also given.  P, Polychaete; A, Amphipod; B, Bivalve; G, 
Gastropod; T, Tanaid. 
 
  Typifying Species  Average Abundance  Sim/SD  %C 
Habitat type 1  Leitoscoloplos normalis (P) 91.8  2.87  38.44 
  Ceratonereis aequisetis (P) 75.9  1.88  27.99 
  Arthritica semen (B) 30.6  1.11  18.38 
Habitat type 3  Ceratonereis aequisetis (P) 330.1  8.31  21.06 
  Paracorophium excavatum (A) 391.3  8.08  21.02 
  Grandidierella propodentata (A) 53.5 1.90  12.34 
  Leitoscoloplos normalis (P) 48.4  1.92  11.88 
  Boccardiella limnicola (P) 21.8  5.77  10.10 
  Arthritica semen (B) 47.4  1.18  9.72 
  Capitella sp.  (P) 21.5  1.26  8.29 
Habitat type 6  Capitella sp.  (P) 411.3  10.31  21.49 
  Ceratonereis aequisetis (P) 206.3  5.41  17.67 
  Sanguinolaria biradiata (B) 72.2  1.82  12.14 
  Leitoscoloplos normalis (P) 44.7  1.83  10.12 
  Grandidierella propodentata (A) 55.1  0.92  8.72 
  Corophium minor (A) 38.8  1.15  8.26 
  Pseudopolydora kempi (P) 24.5  0.87  6.61 
  Arthritica semen (B) 13.2  0.69  4.59 
  Velacumantis australis (G) 5.0  0.70  2.91 
Habitat type 7  Capitella sp.  (P)  411.3  8.35  17.52 
  Ceratonereis aequisetis (P)  275.7  10.33  15.94 
  Corophium minor (A)  298.7  9.80  15.61 
  Grandidierella propodentata (A) 192.4 7.21  14.32 
  Leitoscoloplos normalis (P) 68.7  3.89  10.89 
  Arthritica semen (B) 68.0  1.80  9.62 
  Sanguinolaria biradiata (B) 23.6  1.74  7.42 
Habitat type 9  Sanguinolaria biradiata (B) 566.4  10.68  18.81 
  Pseudopolydora kempi (P) 364.8  8.85  16.68 
  Leitoscoloplos normalis (P) 235.0  7.68  16.38 
  Capitella sp.  (P) 144.0  1.64  11.19 
  Ceratonereis aequisetis (P)  34.1 4.27  9.17 
  Grandidierella propodentata (A) 45.6 1.84  9.01 
  Corophium minor (A) 14.0  1.22  5.23 
  Australonereis ehlersii (P) 9.6  0.90  4.08 
Habitat type 10  Grandidierella propodentata (A) 343.6 9.13  20.7 
  Leitoscoloplos normalis (P) 210.5  8.20  17.90 
  Pseudopolydora kempi (P) 103.5  3.13  14.84 
  Sanguinolaria biradiata (B) 54.6  1.90  10.98 
  Ceratonereis aequisetis (P) 70.1  1.40  10.36 
  Desdemona ornate (P) 31.2  0.84  5.53 
  Corophium minor (A) 13.1  0.92  5.19  
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  Typifying Species  Average Abundance  Sim/SD  %C 
Habitat type 13  Pseudopolydora kempi (P) 395.2  5.59  17.71 
  Leitoscoloplos normalis (P) 214.7  6.79  16.45 
  Capitella sp.  (P) 134.2  5.94  14.52 
  Grandidierella propodentata (A) 183.0 6.37  14.31 
  Corophium minor (A) 85.6  1.84  10.25 
  Sanguinolaria biradiata (B) 61.5  1.24  8.93 
  Ceratonereis aequisetis (P) 29.1  0.90  5.66 
  Tanais dulongii (T) 12.4  0.91  4.40 
Habitat type 18  Capitella sp.  (P) 577.9  6.66  17.73 
  Sanguinolaria biradiata (B) 391.3  4.43  16.01 
  Grandidierella propodentata (A) 252.0 1.95  13.30 
  Corophium minor (A) 141.1  3.84  12.32 
  Pseudopolydora kempi (P) 152.9  3.47  12.28 
  Leitoscoloplos normalis (P) 114.4  5.23  12.12 
  Ceratonereis aequisetis (P) 60.3  1.90  9.68  
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and also at habitat type 7 in the middle reaches. Thus, the differences between the 
assemblages at each habitat type in winter were due mainly to differences in the relative 
importance of the above suites of species (Table 4.8). However, several typifying 
species, the majority of which occurred inconsistently, were unique to certain habitat 
types, i.e. P. excavatum and Boccardiella limnicola at habitat type 3, V. australis at 
habitat type 6, A. ehlersii at habitat type 9, D. ornata at habitat type 10 and T. dulongii 
at habitat type 13.  
 
4.3.2  Relationships between faunal composition and habitat characteristics 
The RELATE procedure showed that, overall, the arrangement of the rank order 
of resemblances between sites in the matrices derived from the benthic macrofaunal 
compositions at the eight habitat types in both summer and winter were each 
significantly correlated with that derived from the values for the enduring 
environmental characteristics that distinguished those habitat types (Rho = 0.625 and 
0.825, respectively, p=0.1%). When this procedure was carried out between the above 
faunal matrices and the complementary Euclidean distance matrices derived from the 
data for the 14 in situ environmental variables recorded at each site in each season, both 
sets of the corresponding matrices were significantly correlated but the strengths of 
those correlations were weaker than those derived above, particularly in summer, 
i.e. Rho=0.344, p=0.9% and Rho=0.759, p=0.1%, in summer and winter, respectively.  
BIOENV was then employed to determine whether, for the data collected in 
each season, a greater correlation could be achieved between the above faunal matrix 
and a Euclidean distance matrix derived from a subset of the in situ environmental 
variables, rather than the full suite of those variables. This procedure showed that the 
suite of in situ environmental variables that best matched the spatial differences among 
the benthic macroinvertebrate assemblages during summer was the % contributions of  
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the 2000, 1000, and 500 µm grain size fractions, depth of the redox discontinuity layer, 
salinity, and pH. That which best matched the spatial differences among the benthic 
macroinvertebrate assemblages during winter was the % contributions of the 2000, 500 
and 125 µm and silt/clay grain size fractions, depth of the redox layer, % contribution of 
POM, salinity and pH (Rho=0.508 and 0.824, respectively, p=0.1%). 
Thus, spatial differences in benthic macroinvertebrate assemblage composition 
were either better reflected (in the case of summer) or at least as well reflected (in the 
case of winter), by spatial differences in the enduring rather than in situ environmental 
characteristics.  
 
4.4  Discussion 
4.4.1  Differences in benthic macroinvertebrate assemblages among habitat types 
This study demonstrated that the compositions of the benthic macroinvertebrate 
fauna in the nearshore waters of the Swan-Canning Estuary were influenced 
significantly by habitat type and that, in both summer and winter, each habitat type 
contained a distinct benthic macroinvertebrate assemblage. However, these habitat 
differences were much more pronounced in winter than in summer. While the number 
of species, overall density, Δ+ and Λ+ of benthic macroinvertebrates also differed 
significantly among habitats, these variables differed to a greater extent between 
seasons, being higher in winter than in summer. The Δ+ and Λ+ tended to be greater at 
habitat types located in the lower to middle reaches than in the upper reaches of the 
Swan-Canning Estuary, which was also true of the number of species and densities, but 
only during winter. During summer, a greater number of species was recorded at several 
habitat types in the lower-middle estuary (i.e. 7, 13 and 18) than at habitats located in 
the upper estuary (1, 3 and 10), while the overall density of benthic macroinvertebrates 
was generally low, except at habitat type 7.    
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Overall, the greatest difference in assemblage composition occurred between 
those at habitat types 1 and 18, which were located in the uppermost region of the 
estuary and the lower reaches of the basin, respectively. Moreover, the benthic 
macroinvertebrate assemblage at habitat type 1, and also that at habitat type 3, located 
just downstream of habitat type 1, were typically the most distinct from those at all 
other habitat types, particularly during winter. It is highly relevant that these two habitat 
types were also the most distinct in terms of their enduring environmental 
characteristics. Thus, aside from the large differences in their location with respect to 
their vicinity to marine and freshwater sources, these habitats were highly sheltered 
from wave action du to their small fetches. Similarly, marked changes in a range of in 
situ environmental variables, i.e. salinity, dissolved oxygen, pH, sedimentary 
chlorophyll concentration and the depth of the redox layer, also occurred between 
habitat types located in the two upper estuary habitat types and those in the channel and 
basin (see Chapter 3). Such variations in water and sediment characteristics are typical 
of those that occur along the lengths of estuaries around the world (e.g. Ysebaert et al. 
2002; Thrush et al. 2003; Gimenez et al. 2005). 
Despite the above faunal differences, in both summer and winter, differences in 
assemblage composition between habitat types 7 and 9, which were both located in the 
basin of the Swan-Canning Estuary, were similar in magnitude to those that occurred 
between pairs of habitat types located in two different regions of the estuary.  Moreover, 
in summer, these differences were greater than that between any pair of habitat types. 
Such results indicate that the benthic macroinvertebrate fauna in the Swan-Canning 
Estuary form distinct assemblages as a result of factors other than those that are 
typically associated with a lengthwise gradient from estuary mouth to riverine reaches. 
It is therefore crucial that those factors, such as those associated with exposure to wave  
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action, are captured by the types of variables that are used to classify the various habitat 
types within an estuarine system. 
The greater spatial differences between the benthic macroinvertebrate 
assemblages at the various habitat types in winter than in summer reflected, in part, the 
fact that the majority of the species at each habitat type were far more abundant and 
consistent in winter. However, it was also related to the fact that the most consistently 
abundant species occurred over more restricted spatial ranges in winter. For example, in 
summer, only three species that occurred consistently at particular habitat types were 
also abundant at those habitat types, namely C. aequisetis, Capitella sp. and 
Oligochaete spp. These species ranked among the top three species at five of the eight 
habitat types. In contrast, during winter, most of the species that characterised the 
habitat types were also abundant at those habitat types. Ceratonereis aequisetis and 
Capitella sp. ranked in the top three species at fewer habitat types (4) in winter than in 
summer and P. kempi, G. propodentata and S. biradiata ranked in the top three species 
at only two or three habitat types. This resulted in far less variation in assemblage 
composition within a particular habitat type than between habitat types in winter than in 
summer.  
Greater spatial differences among the benthic macroinvertebrate assemblages in 
winter may be related to the greater amount of variation in particular non-enduring 
environmental characteristics during this season. For example, redox depths were 
generally greater in winter than in summer, which is likely to contribute to the greater 
numbers of individuals during this season. Furthermore, the greater range in salinity, 
throughout the estuary in winter, may produce smaller “pockets” of optimum salinities 
for different species. There is also likely to be a large number of other non-enduring 
environmental variables that are correlated with salinity and redox depth, which  
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influence the distributions of the benthic macroinvertebrate fauna among the habitat 
types in the Swan-Canning Estuary throughout. 
The benthic macroinvertebrate fauna at habitat type 1 was characterised by the 
polychaetes Ceratonereis aequisetis and Leitoscoloplos normalis in both seasons and, in 
winter, also by the bivalve Arthritica semen. In winter, the assemblage at habitat type 3 
was also characterised by these three species as well as the amphipod Paracorophium 
minor and the polychaete Boccardiella limnicola, the latter two of which characterised 
only this habitat type in the Swan-Canning Estuary. In summer this habitat type was 
characterised only by Capitella sp. Other species of these genera have been recorded in 
upstream areas of other estuaries in Australia and New Zealand (Ford et al. 2001; 
Chapman et al. 2002). 
The environmental characteristics of habitat type 3 differ from those of habitat 
type 1 in the former has greater fetch distances and a slightly wider shoaling margin and 
thus greater exposure to wave action. In winter, both of these habitat types exhibited 
similar low salinities (~4 and 5‰, respectively) and like all habitat types, relatively high 
dissolved oxygen levels (~7 mgL
-1). However, in summer, the difference in salinity 
between habitat types 1 and 3 was substantially greater (~16 and 28‰, respectively) and 
dissolved oxygen levels were lower than at any other habitat type (~5 mgL
-1). The redox 
depth was also shallowest at these habitat types (~1.4 and 2-3 cm in summer and winter, 
respectively), which was likely to be associated with the contribution of sedimentary 
POM being the greatest at these locations. Large deposits of POM on the substrate can 
prevent oxygen from diffusing through to the interstitial spaces in the sediment, 
potentially creating an anoxic sedimentary environment, which is unfavourable for most 
benthic organisms (Watling 1975, Pearson and Rosenburg 1978). 
Low dissolved oxygen levels and shallow redox depths may account for the 
resident fauna at habitat types 1 and 3 having the lowest overall densities, number of  
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species and diversity, particularly during summer. Moreover, the individuals of all of 
the species that were recorded at these habitats were typically smaller than those located 
in the middle and lower estuary (pers. obs.). Smaller body size in benthic 
macroinvertebrates can indicate physiological stress, and is often seen in highly tolerant 
species undergoing long-term exposure to anoxic sediments and/or the presence of toxic 
sulfides (Hagerman 1998; Lee & Lee 2005). 
Despite the above adverse environmental conditions at habitat types 1 and 3, two 
of their characteristic species, the polychaetes C. aequisetis and L. normalis, were 
recorded in relatively high densities in winter. This, and the fact that these species 
characterised every habitat type in this study, suggests that they are particularly tolerant 
to a wide range of environmental conditions. Such adaptations are likely to include a 
high tolerance to a wide range of salinities, an ability to cope with low oxygen 
conditions (i.e. by constructing burrows within the sediment through which they can 
filter water, which is often higher in dissolved oxygen), a rapid growth rate and the 
ability to reproduce continuously (Hutchings & Glasby 1982; Kalejta & Hockey 1991; 
Hagerman 1998; Glasby et al. 2000; De Roach et al. 2002). Moreover, they are non-
selective deposit feeders and thus ingest both plant and animal detritus, diatoms, and 
bacteria, and C. aequisetis may also prey upon other infaunal species (Fauchald & 
Jumars 1979; Kalejta 1993; Glasby et al. 2000). These characteristics presumably allow 
them to exploit habitat types such as 1 and 3 during more favourable conditions and 
maintain their populations when conditions are less favourable.  
The typically greater importance of the bivalves A. semen and M. senhausia in 
the upper than most of the lower estuary habitats suggests that these species, being 
particularly well adapted to the seasonal differences in salinity and dissolved oxygen, 
have found a favorable niche at those locations. They are also highly fecund species, 
which would provide them with a competitive advantage over less fecund bivalves, such  
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as S. biradiata and Xenostrobus securis (Wells & Threlfall 1982; Morton et al. 1998; 
NIMPIS. 2005). Xenostrobus securis was abundant in the nearshore waters of the upper 
Swan Estuary during the 1990s (Kanandjembo et al. 2001), but was not recorded during 
the present study. It is possible that M. senhausia, an introduced species, may have 
contributed to a decline in X. securis populations due to an advantage gained by having 
a greater fecundity. 
Habitat type 18, which is located on the south-western side of the basin, almost 
at the intercept with the channel (i.e. between ~6 and 12 km from the estuary mouth), 
was characterized, in both seasons, by four polychaetes, i.e. Capitella sp., C. aequisetis, 
L. normalis and P. kempi, two amphipods, i.e. G. propodentata and C. minor and the 
bivalve S. biradiata. The number of species and overall densities were among the 
highest at this habitat type in both seasons, which was reflected in the high taxonomic 
diversity of the assemblage. These characteristics, in turn, reflect a diverse range of 
feeding modes exhibited by the above species, i.e. deposit-feeding, suspension-feeding 
and predation.  
The diverse and abundant benthic macroinvertebrate fauna at this habitat type 
most likely reflects, in part, the presence of substantial amounts of the seagrass 
Halophila ovalis. The presence of seagrass has been shown to be related to increases in 
infaunal abundances and species diversity (Edgar 1990; Hutchings et al. 1993; Fonseca 
1996), possibly by providing protection from visual predators, supplying a food source 
in the form of sedimentary POM and by increasing the structural complexity of the 
habitat and thereby the range of available niches in which fauna can inhabit (Main 1987; 
Loneragan et al. 1997). Moreover, it has been suggested that the dampening effect of 
seagrass beds on currents and wave swash decreases sediment erosion and traps both 
POM and invertebrate larvae (Gacia et al. 1999; Bologna & Heck 2000).   
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The diversity and high densities of the benthic macroinvertebrate assemblage at 
habitat type 18 may also be facilitated by its calm to moderately-exposed wave 
conditions, which vary over short periods, depending on the direction of the wind. Since 
this habitat type faces east, it is protected from the strong W-SW winds that prevail 
during summer afternoons and the SW-NW winds that prevail during winter. It is, 
however, exposed to easterly winds that typically occur during summer mornings. The 
regular periods of calm conditions would thus allow for the moderate levels of 
suspended organic matter to settle and be incorporated into the sediments (see section 
3.3.3.2), and, together with a wide shoaling margin at this habitat type, allow for the 
production of relatively large amounts of microphytobenthos, a main food source for 
many benthic macroinvertebrates (see section 3.3.3.2 for sediment chlorophyll 
concentrations at the various habitat types). In contrast, regular mixing by easterly 
winds in summer is likely to facilitate the relatively high levels of dissolved oxygen in 
both the water column (8.3-10.7 mgL
-1) and sediments (redox depth ranged between 
~1.5 and 7.5 cm) found at this habitat type. 
It is interesting to note that, in winter, the extent of the difference between the 
compositions of the benthic macroinvertebrate assemblages at habitat types 7 and 9, 
which are located relatively close together in the middle region of the estuary, was as 
great as those between habitats located in the upper and lower regions. Moreover, while 
the difference between these two assemblages in summer was less than that in winter, it 
was greater than that between any pair of habitat types during this season. During 
summer, the difference was due to the far greater number of characteristic species at 
habitat type 7 that at any other habitat type and the fact that the abundances were far 
higher. Most of the typifying species at habitat type 7 were deposit feeders, while the 
species that typified habitat type 9 represented a greater variety of feeding guilds, 
i.e. deposit feeders (Capitella sp. and Oligochaete spp.), an algal grazer (V. australis)  
  183
and a deposit/suspension feeder (S. biradiata). Although the same six species 
characterised both habitat types 7 and 9 in winter, i.e. C. aequisetis, Capitella sp., C. 
minor, G. propodentata, L. normalis, and S. biradiata, the difference in assemblage 
composition between those habitats was due to marked differences in the relative 
importance of each of these species. Thus, the densities of the first four species, each of 
which are deposit-feeders, were far greater and occurred more consistently at habitat 
type 7, while the latter two species, a deposit feeder and a suspension/deposit feeder, 
respectively, were far more abundant and consistent at habitat type 9 (Fauchald & 
Jumars 1979; Morton et al. 1998). Furthermore, in winter, the species composition at 
habitat type 9 was also characterised by P. kempi, which is also able to both suspension- 
and deposit-feed and attained among its greatest densities at this habitat type. However, 
it was not abundant at habitat type 7.  
Such differences in faunal composition between habitat types 7 and 9 are likely 
to be due, at least in part, to differences in the levels of wave exposure at these two 
habitat types. While both habitat types were represented by sites located along west-
facing shores of the middle reaches of the estuary (see Fig.3.3a) and were each 
characterised by wide shoaling margins, shallow slopes and moderate amounts of 
seagrass (mainly Halophila ovalis), these two habitat types differed in the extent of their 
southerly to north-westerly fetches. These fetches were large to very large at habitat 
type 7 and small to moderate at habitat type 9 (see Fig. 3.14). Thus, habitat type 9 is 
substantially more protected from wave action generated by the westerly to north-
westerly winds and surge that are often associated with winter storms along the lower 
west coast of Australia.  
Differences in wave exposure between these two habitat types were reflected, 
firstly, by the greater contribution of fine-medium (125-250 µm) sand grains to the 
sediment at habitat type 9, whereas the sediment at habitat type 7 was dominated by  
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medium-coarse sand grains (250-500 µm). Secondly, there were greater contributions of 
POM and total chlorophyll to the sediments at habitat type 9, which may not only 
reflect the lower wave activity, but also the fact that fine-medium sediment grains 
provide a greater surface area on which POM can bind and microphytobenthos can 
grow. Such environmental characteristics may explain, at least in part, the large 
numbers of sediment-ingesting species, i.e. L. normalis and Capitella sp., at this habitat 
type. Moreover, the denser seagrass beds at habitat type 9 would contribute significant 
amounts of seagrass detritus and associated epiphytes to the sediments and thus provide 
a food source for the relatively large numbers of V. australis (Hori 2006). However, the 
large numbers of P. kempi that were observed suspension-feeding at habitat type 9 is 
inconsistent with the fact that phytoplankton, a suspended food source, is not 
particularly dense in the lower estuary (Swan River Trust 2005). Moreover, 
S. biradiata, also abundant at this habitat type, is also known to feed using this method 
(Morton et al. 1998). An abundant suspended food source may be provided at habitat 
type 9 by resuspended sedimentary POM and chlorophyll as a result of bioturbation by 
the resident fauna through their deposit-feeding and burrowing activities. 
Reduced abundances of P. kempi and S. biradiata at habitat type 7, which is 
located within a conservation zone in the Swan-Canning Estuary, may be due to heavy 
predation by large numbers of migratory wader birds, which use this habitat type as a 
feeding ground between spring and autumn and are known to feed on large thin-shelled 
infaunal bivalves and polychaetes (Rogers 1999). Despite the impacts of predation, the 
number of species, densities and diversity of benthic macroinvertebrates at this habitat 
type were among the greatest recorded at any habitat type during the study, a trend that 
has been found in other exposed estuarine environments elsewhere in the world (Ellis et 
al. 2006). This was primarily reflected by large densities of C. aequisetis, Capitella sp. 
and, particularly in summer, Oligochaete spp. Ceratonereis aequisetis is omnivorous  
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and may prey on the relatively slow moving Capitella sp. and oligochaetes in summer 
(Fauchald & Jumars 1979) and the large numbers of the amphipod C. minor in winter, 
on which it has been previously known to feed (Stevens et al. 2006). The high fecundity 
of this species may enable it to maintain its large populations despite the fact that it too 
is subjected to predation by migratory waders (Kalejta & Hockey 1991). However, the 
fact that such large numbers of these potential prey species, which feed on detritus, were 
recorded at habitat type 7, appears inconsistent with its low contribution of POM and 
only moderate amount of chlorophyll.  
Habitat types 6, 10 and 13, located along the northern shore of the main basin, 
within the smaller basin (Perth Water) and the upper channel, respectively, contained 
the least distinct assemblages relative to each other and, at least in summer, to the other 
habitat types in the lower estuary. The assemblage at habitat type 6 was most similar to 
that at habitat type 18, which is not surprising since they were located relatively close to 
each other. Furthermore, these two habitat types also had similar levels of exposure to 
wave action and % contributions of seagrass to the substrate (see Chapter 3). However, 
the less consistent occurrence of the main characteristic species at habitat type 6 
compared to those at habitat type 18 may be due to the fact that it is also used as a 
feeding ground by migratory wading birds during spring and summer (Bamford et al. 
2003).  
During summer, the assemblage at habitat type 10, which is located between the 
two upper estuary habitat types (1 and 3) and the remaining middle to lower estuary 
habitat types, was relatively similar to that at habitat type 1 and did not differ 
significantly from that at habitat type 3. However, it differed to the greatest extent from 
that at habitat types 18 and 7 in this season. It had a relatively low number of species 
and overall density and was characterised only by C. aequisetis and Oligochaete spp., 
with only the latter species occurring relatively consistently. Such characteristics would  
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explain its similarities with the assemblages at habitat types 1 and 3 during this season. 
Conversely, in winter, the assemblage at habitat type 10 differed to the greatest extent 
from those at habitat types 1 and 3, being characterised by a similar suite of species as 
those recorded in the lower estuarine habitat types, i.e. in particular G. propodentata, L. 
normalis, P. kempi and C. aequisetis. The first species, which ranked first in terms of 
abundance at habitat type 10, also attained its highest density and was most consistent at 
this habitat type. While redox depth was greatest at habitat type 10 in winter, the values 
for salinity and pH were intermediate between upper and lower estuarine habitat types. 
Moreover, given its location between the uppermost and lower estuarine habitat types, it 
is relevant that the assemblage at this habitat type resembles those located in either the 
upper or lower estuary at different times of the year.  
The composition of the assemblage at habitat type 13 was most similar to that at 
habitat types 18 and 9, which were located nearby in the lower basin. This habitat type 
was characterised by small fetches, a narrow shoaling margin, dense mixed stands of 
seagrass, including H. ovalis, Ruppia megacarpa and Zostera mucronata, and small 
amounts of rock. The benthic macroinvertebrate fauna at this habitat type was typified 
by a suite of taxa which included the eight that were abundant at most of the other lower 
estuarine habitats, i.e. L. normalis, P. kempi, Capitella sp., G. propodentata, C. minor, 
Oligochaete spp., S. biradiata and C. aequisetis, but also included the large polychaetes 
Australonereis ehlersii and Heteromastus filiformis and the tanaid Tanais dulongii. The 
moderate benthic macroinvertebrate densities and relatively large number of taxa and 
diversity found at this habitat type is likely to be related to its heterogeneous 
environment as it provides a wide variety of niches which can be utilized by a range of 
different species. For example, different invertebrate species may utilize different 
species of seagrass for shelter due to the greater variety of form, both in leaf and root  
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morphology (Edgar 1990). Moreover, these different structures also provide a substrate 
for algal epiphytes which may provide a direct food source (Vizzini & Mazzola 2003). 
 
4.4.2  Relationships between faunal composition and the enduring environmental 
characteristics of habitat types 
The extents and thus pattern of the differences in faunal composition among the 
eight habitat types were, in both summer and winter, significantly correlated with that 
for the enduring environmental characteristics that were used to distinguish those 
habitat types (Rho=0.625 and 0.825, respectively, p=0.1%).  Furthermore, the extent of 
the match between the above matrices was greater than that obtained when the faunal 
matrix was related to that constructed from the suite of water quality and sediment 
characteristics measured at each site (Rho=0.344, p=0.9% and Rho=0.759, p=0.1%, in 
summer and winter, respectively). Even when that suite of in situ non-enduring 
environmental variables was refined to that subset which provided the best possible 
correlation with the faunal matrix, the resultant correlation in summer was still not as 
high as that produced between the faunal and enduring environmental matrix 
(Rho=0.508, p=0.1%).  
The significant relationships between the matrices derived from the benthic 
macroinvertebrate fauna and the enduring environmental variables at the eight selected 
habitat types in the Swan-Canning Estuary indicate that the pattern of spatial differences 
in the compositions of those fauna is well reflected by that among the enduring physical 
characteristics employed to identify those habitat types. These results thus provide the 
sound basis that is required for researchers and managers to proceed with predicting the 
types of benthic macroinvertebrate fauna that are likely to be found at any site in the 
Swan-Canning Estuary in summer and/or winter simply by ascertaining the habitat type 
to which that site belongs on the basis of it enduring environmental characteristics.  
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Possible methods for assigning any “new” site in the Swan-Canning Estuary, i.e. one 
outside of the current classification, to its appropriate habitat type are described in 
section 3.4.3. The ability to reliably predict the benthic macroinvertebrate species that 
will typically be found at any site of interest in this system provides researchers and 
managers with a host of possibilities, such as quantifying the effects that anthropogenic 
activities have on biological diversity and hence on ecosystem health and identifying 
areas that are suitable candidates for conservation, i.e. those that are biologically 
representative of an area and/or particularly biodiverse. 
The fact that differences in the composition of the benthic macroinvertebrate 
assemblages throughout the Swan-Canning Estuary were more highly correlated with 
the enduring rather than the in situ environmental variables strongly supports the use of 
the former to classify estuarine habitat types. While the in situ water quality and 
sediment characteristics measured in this study almost certainly contributed to the 
differences in the spatial distributions of the benthic fauna, such differences are also 
apparently related to several other, and possibly unknown, environmental variables. 
However, it is time-consuming and costly to try to capture differences in the 
environment according to such a large range variables and impossible if those variables 
are unknown. In contrast, the use of easily quantifiable enduring environmental 
variables as surrogates for the range of environmental influences on estuarine fauna are 
more likely to innately capture such differences, and thus provide the best explanation 
for spatial variability in faunal assemblages (e.g. Valesini et al. 2004).  
The demonstration that the composition of the benthic macroinvertebrate 
assemblages in the different estuarine habitat types is statistically related to differences 
in the physical characteristics of those habitat types supports the views of Dethier 
(1992), Allee et al. (2000), Roff and Taylor (2000) and Valesini et al. (2004). It is also 
consistent with those of Dye (2006) in that estuarine classification schemes based on  
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differences in broad physical characteristics cannot be used to accurately predict 
estuarine fauna but rather, that finer-scale distinction of habitat types within estuaries by 
environmental criteria would be required. Such conclusions validate the use of 
predominantly enduring physical attributes to predict the types of fauna that are likely to 
be found in different estuarine habitat types. 
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5  COMPARISONS BETWEEN BENTHIC MACROINVERTEBRATE 
ASSEMBLAGES IN THE SWAN-CANNING ESTUARY IN 1986/7 AND 
2003/4 
5.1  Introduction 
The Swan-Canning Estuary has been the focus of many of the social, economic 
and cultural activities of Perth’s residents since settlement and this has led to extensive 
modifications to this estuary and its catchment (Swan Catchment Council 2004). Thus, 
as ~74% of the population of Western Australia lives in the city of Perth (Population 
1 447 815, Australian Bureau of Statistics 2001), it is not surprising that these effects 
are considerable. 
Modifications to the Swan-Canning Estuary began in the 1800s and involved 
firstly the removal of its dense fringing vegetation to facilitate urban development, 
followed by the dredging of its shallow mud banks and removal of the rock bar at its 
entrance to enable construction of a major shipping harbour (Brearly 2005). In the 
1950s, many of the tributaries of the Avon River, the main tributary of the Swan River, 
were realigned and their bed vegetation removed in an effort to alleviate the flooding of 
towns in the Avon basin. Extensive clearing of the catchments’ native vegetation for 
agriculture, mining and logging was undertaken between 1920 and 1970, with the result 
that only 7 and 28% of the pre-settlement native vegetation of the greater catchment and 
Swan Coastal Plain, respectively, remains (Swan Catchment Council 2004; Mayer et al. 
2005).  
The above modifications have impacted the Swan-Canning Estuary in a number 
of ways, such as increased rates of runoff and the subsequent destabilisation and erosion 
of catchment sediments (Viney & Sivapalan 2001). However, these effects may be 
complicated further by climate change. Mean air temperatures have increased by ~0.2°C 
per ten years in south-western Australia since the mid 1970s, while rainfall has 
decreased by ~10 mm over that same period (Bureau of Meteorology 2006). In recent   191
years, freshwater flows in winter have declined, resulting in increased sedimentation 
and salinity upstream (Chan et al. 2002; Mayer et al. 2005). Projected data suggests 
further increases in salinity upstream, could have deleterious effects on fauna in the 
estuary (Rogers & Ruprecht 1999).  
One of the most significant threats to the ecological health of the Swan-Canning 
Estuary is that arising from eutrophication, i.e. the presence of excessive levels of 
nutrients, particularly nitrogen and phosphorus, in the water and sediments. Like many 
estuaries throughout the world, this has resulted from, land clearing for agriculture and 
its associated practices, such as the addition of fertilisers and the release of animal 
effluent near waterways (Swan Catchment Council 2004). The availability of excessive 
nutrients has contributed to the development of unacceptably frequent and intense 
phytoplankton blooms in the upper reaches of this system, especially over recent 
decades (Swan River Trust 2005a). Furthermore, the composition of these 
phytoplankton assemblages has changed since the mid-1990s, with blooms of toxic 
blue-green algae and dinophytes now occurring regularly (Swan River Trust 2005a). 
The most obviously deleterious effects of these toxic blooms and associated reductions 
in oxygen levels on estuarine fauna are the large-scale fish mortalities that they have 
produced at regular intervals in recent years (Robson & Hamilton 2003; Swan River 
Trust 2003, 2005b).  
Despite the above environmental changes, there is little information regarding 
their cumulative effects on the benthic macroinvertebrate assemblages that inhabit the 
Swan-Canning Estuary. Several studies have shown that such assemblages in 
moderately eutrophic estuaries have low diversity, with lower numbers of species and 
numbers of higher taxonomic groups, but in many cases, elevated densities of 
opportunistic species (e.g. Gray et al. 2002; Karlson et al. 2002). However, the densities 
of these assemblages in highly eutrophic estuaries, which experience regular hypoxic   192
events, are often greatly reduced (Kemp et al. 2005). A study carried out by Rose 
(1994) in the highly eutrophic Peel-Harvey Estuary during the 1980s, demonstrated that 
the benthic macroinvertebrate assemblages were far less diverse than those in the Swan-
Canning Estuary, which was only moderately eutrophic at that time. The Swan-Canning 
Estuary supported a range of polychaete, crustacean and mollusc species whereas the 
former estuary was dominated by the opportunistic capitellid polychaete Capitella sp., 
which is known to thrive in eutrophic conditions (Glasby et al. 2000). Although 
eutrophication in the Swan-Canning Estuary today is not as marked as that in the Peel-
Harvey Estuary in the 1980s, it is probably sufficient to have induced at least some 
changes in the fauna. 
In this component of the study, the data on the benthic macroinvertebrate fauna 
collected by T. Rose (1994) in the Swan Estuary 1986/7 will be compared with those 
collected in the current study (2003/4) and used to test following hypotheses: 
1.  The number of species and diversity of benthic macroinvertebrates recorded 
during the latter sampling period will be significantly lower than that recorded 
during the former period. 
2.  The densities of benthic macroinvertebrates recorded during the latter sampling 
period will be significantly greater than that recorded during the former period. 
3.  The species composition of the benthic macroinvertebrate fauna recorded during 
the latter sampling period will differ significantly from that recorded during the 
former period. 
 
5.2  Materials and Methods 
5.2.1  Study Area 
Benthic macroinvertebrates were sampled at three sites in the large central basin 
of the Swan-Canning Estuary and one site in the lower reaches of the Canning River in   193
five consecutive seasons in 2003/4 (Fig. 5.1). These sites were the same as those 
sampled by Rose (1994) in five seasons during 1986/7, which were chosen to represent 
different habitats in the middle reaches of the estuary. The Dalkeith, Applecross and 
Matilda Bay sites were located in the lower, middle and upper regions of the central 
basin, respectively, while the fourth site, Deepwater Bay, was situated in the lower 
Canning River (Fig 5.1). The four sites were classified as different habitat types using 
the scheme described in chapter 3, i.e. Dalkeith and Matilda Bay were classified as 
habitat type 6, while Applecross and Deepwater Bay were classified as habitat types 7 
and 15, respectively. Thus, they differed according to the 13 enduring environmental 
characteristics that were used to distinguish the habitat types in the Swan-Canning 
Estuary (see Figs 3.13-3.15 for the means ±95% confidence intervals of the 13 enduring 
environmental variables at each habitat type). 
 
5.2.2  Sampling regime 
At each site, a rectangular area, demarcated by 150 m along the shoreline and 10 m 
perpendicular to the shoreline, was sampled at depths ranging from several cm to 1 m 
deep, depending on the water level in the estuary. Five randomly-located sediment cores 
were collected from each of the four sites in waters >1 m deep during the day in the 
middle of each season between the winter of 2003 and winter of 2004. The sampling of 
each site was staggered over 2-3 weeks (in the last month of each season) to encompass 
seasonal variability and to reduce the chances of the resultant data being unduly affected 
by an atypical sample.  
   194
 
Figure 5.1  The location of the four sites in the Swan-Canning Estuary at which benthic 
macroinvertebrates were sampled in 1986/7 and 2003/4 
 
The cylindrical corer, which was 11 cm in diametre and covered a surface area 
of 96 cm
2, sampled to a depth of 15 cm. The sediment samples were preserved in 5% 
formalin buffered in sea water and subsequently wet sieved through a 500 µm mesh. 
The invertebrates were removed from any sediment that was retained on the mesh using 
a dissecting microscope and were identified to the lowest possible taxon and stored in 
70% ethanol. The number of each macroinvertebrate taxon in each replicate sample was 
converted to a density, i.e. number of individuals m
-2.  
Three replicates of water temperature, salinity and dissolved oxygen (mg L
-1) at 
the bottom of the water column were recorded at each site on each sampling occasion. 
The Secchi depth, the height of detached macrophyte accumulations in the water 
column and the percentage contributions of these accumulations to the total surface area 
of the site were recorded at each site on each sampling occasion. Three randomly-
located cores of sediment were collected at each site on each sampling occasion using a   195
cylindrical corer, which covered an area of 10 cm
2 and sampled to a depth of 10 cm. 
These cores were used to determine the contributions of different grain-sizes and 
particulate organic matter (POM) to the sediment. The depth of the redox discontinuity 
layer in each core was recorded to the nearest 0.5 cm.  
The % contributions of POM and of each grain-size fraction to the total 
sediment weight of each replicate sample were calculated using the methods described 
in section 3.2.6. Thus, grain size distribution was determined using nested meshes that 
corresponded to the Wentworth scale, an internationally accepted scale for calculating 
grain size contributions, i.e. ≥2000, 1000≥2000, 500≥1000, 250≥500, 125≥250, 63≥125 
and ≤63 μm (Wentworth 1922). The % contributions of different sediment grain size 
fractions to the sediment in the Swan-Canning Estuary during 1986/7 were calculated 
by Rose (1994) using broader increment fractions of >2000, 600-2000, 200-600, 60-
200, 2-60 and <2 μm (Standards Australia 1977). Although the Wentworth scale of 
grain size increments was not directly comparable to that used by Rose (1994), it was 
used in this study because it would remain consistent with that used in sections 3.2.6 
and 2.2.2 and thus provide basis upon which future research in this region may be 
gauged and also compared with that carried out in other estuaries around the world. 
 
5.2.3  Statistical Analysis 
5.2.3.1 Univariate Analyses 
The densities of the benthic macroinvertebrates recorded in each replicate 
sample at each site in each season in 2003/4 were incorporated in a database with those 
recorded during 1986/7 (Rose 1994). The total number of species, total densities and the 
diversity indices, average taxonomic distinctness (Δ
+) and variation in taxonomic 
distinctness (Λ
+) were calculated for each sample. Justification for using these two   196
diversity indices and the method of calculation for each is provided in sections 2.1 and 
2.2.3.1, respectively.  
Only the mean values for water temperature, salinity and dissolved oxygen (DO) 
concentration recorded by Rose (1994) at each site in each season in 1986/7 were 
available for comparison in this study. Thus, the replicate values for each of those 
variables recorded in 2003/4 were meaned for each site in each season and incorporated 
into a database with those recorded by Rose (1994). The replicate values for the 
% contribution of POM and depth of the redox discontinuity layer at each site in each 
season in 2003/4 were incorporated into a separate database with those recorded during 
1986/7 by Rose (1994). Prior to subjecting the data for each of these dependent 
variables to Analysis of Variance (ANOVA), the relationships between the means and 
associated standard deviations for each dependent variable (1) in each season in each 
period (in the case of water temperature, salinity and DO) or (2) at each site in each 
season during both periods (for each of the biotic and remaining environmental 
variables), were examined to ascertain which type of transformation, if any, was 
required to satisfy the assumptions of normality and constant variance (Clarke & Gorley 
2001). This procedure showed that the densities of benthic macroinvertebrates and Δ
+ 
each required a fourth root transformation, while Λ
+ required a log10 n+1 transformation 
and the number of species did not require transformation. Salinity, dissolved oxygen 
and %POM each required square root transformations, while water temperature and 
depth of the redox layer did not require transformation. 
Three-way ANOVA was then used to test the null hypotheses, that each of the 
dependant variables did not differ significantly among any (fixed) independent factor 
(i.e. period, site and/or season), which were rejected when the significance level (p) was 
<0.05. When ANOVA showed that values for a dependent variable differed 
significantly according to period (i.e. main effect or interaction between independent   197
factors), the means and 95% confidence intervals for the various levels of those factors 
were compared in order to determine where those differences occurred.  
Since the present study used different increment grain size fractions to that used 
by Rose (1994) (see section 5.2.2), the means + 95% confidence intervals for the % 
contributions of those sediment grain size fractions at each site and each season during 
both periods were plotted separately and compared. 
 
5.2.3.2 Joint Δ
+ and Λ
+ analyses 
The relationships between Δ+ and Λ+ of the benthic macroinvertebrate 
assemblages at each season in each period in the Swan-Canning Estuary were 
investigated in order to determine whether the values for each were representative of 
that for the entire estuary. This was achieved firstly, by constructing 95% probability 
ellipses from 1000 simulated values of Δm
+ and Λm
+, calculated for each of a specified 
range of subsets of species of varying sizes (m) that were drawn at random from the 
regional species list. The ranges of m were chosen to approximate the range in size of 
the number of species in each season in each period so that the appropriate 95% 
probability ellipses could be constructed. These 95% confidence ellipses defined the 
range of values for Δ
+ and Λ
+ for each of the expected different-sized subsets of species. 
Observed Δ
+ and Λ
+ co-ordinates for each site in each season in each period that fell 
outside their relevant probability ellipses indicated significant departure from that 
expected for the benthic macroinvertebrate fauna in the Swan-Canning Estuary.  
 
5.2.3.3 Multivariate analyses 
The following multivariate analyses were carried out using the PRIMER v6 
statistical package (Clarke & Gorley 2006). The Bray-Curtis similarity coefficient was 
employed to construct a similarity matrix from the fourth-root transformed densities of   198
the various macroinvertebrate species recorded for each replicate sample at each site in 
each season during each period. This matrix was then subjected to non-metric 
multidimensional scaling (MDS) ordination. One-way and two-way crossed Analysis of 
Similarities (ANOSIM, Clarke 1993) tests were carried out to ascertain whether the 
compositions of the benthic macroinvertebrate assemblages differed significantly 
between 1986/7 and 2003/4. The factors employed in each of these tests are specified in 
detail in the Results section. In each test, the null hypothesis that there were no 
significant differences between periods was rejected if the significance level (p) was 
<5%. The R-statistic value was used to ascertain the extent of any significant 
differences (Clarke 1993). Any R-statistic values <0.1 were regarded as negligible. 
Where ANOSIM detected a significant difference among periods and the R-statistic was 
>0.1, Similarity Percentages (SIMPER, Clarke 1993) was used to identify which species 
made the greatest contributions to those differences.  
 
5.3  Results 
5.3.1  Environmental measurements 
5.3.1.1 Water quality characteristics 
ANOVA showed that water temperature and salinity each differed significantly 
between periods and seasons and that there was a significant period x season interaction 
for both of these environmental variables, whereas dissolved oxygen differed 
significantly only between periods and for the period x season interaction (Table 5.1). 
The mean squares for water temperature and salinity were both far greater for season 
than period or for the interaction between those factors, whereas for DO, the measure 
for period was greatest (Table 5.1). 
The mean water temperature and salinity followed similar seasonal trends in 
1986/7 and 2003/4. Thus, these variables were lowest in the first winter and greatest in   199
the summer and autumn, respectively (Fig. 5.2, a, b). Moreover, the values for these two 
variables were slightly greater in the second than in the first winter. The mean water 
temperatures in each season except the second winter were greater in 2003/4 than in 
1986/7, particularly in spring (Fig 5.2a). The mean salinities in the last four seasons 
were similar in both periods (Fig. 5.2b). However, mean salinity in winter 2003 was 
significantly greater than that in winter 1986 by ~5‰. The mean dissolved oxygen 
concentration was significantly lower in spring 2003 than in spring 1986 and although 
not significant, the values for this variable were slightly greater in each other season in 
2003/4 except winter 2003 (Fig. 5.2c). Dissolved oxygen concentrations did not differ 
significantly among seasons in 1986/7. However, in 2003/4, it was significantly lower 
in spring than in the first winter (Fig 5.2c).  
 
Table 5.1  Mean squares (MS) and their significance levels (p) for ANOVA’s on data for 
temperature, salinity and dissolved oxygen content of the water column at four 
sites in five seasons during two separate time periods in the Swan-Canning 
Estuary. df=degrees of freedom. Statistics shown in bold face indicate a significant 
result at p≤0.05. 
 
       
Water 
Temperature   Salinity      Dissolved 
Oxygen 
  df MS  p  MS  p   MS  p 
Main Effects             
period  1  34.95 <0.001 1.038 0.008   7.79  0.006
site    0.86 0.562  0.17 0.230    2.20 0.051
season  4  216.09 <0.001 15.69 <0.001   0.94 0.391
Two-way Interactions             
period * site   0.93 0.531 0.18 0.212    0.52 0.352
period * season  4  9.28 <0.001 2.56 <0.001   2.29  0.013
season * site   1.41 0.396 0.15 0.223    2.48 0.065
Error  30   0.22  0.10    0.88  
 
The water clarity was clear to the bottom (> 1 m) at all sites in all seasons during 
2003/4. During 1986/7, it was greater than 1 m at all sites except Deepwater Bay where 
it was 25, 50 and 80 cm during the first and second winters and autumn, respectively 
(measured using a secchi disc) (Rose, 1994).   200
During 2003/4, detached macrophyte accumulations were present at all sites 
during summer and autumn, when their mean heights and areas of cover were 18.5 and 
14 cm and 61 and 62.5%, respectively. Measurements of macroalgal accumulations 
were not recorded during 1986/7. 
 
Figure 5.2  Mean ± 95% confidence intervals of (a) temperature, (b) salinity and (c) dissolved 
oxygen recorded at the bottom of the water column in five seasons during 1986/7 
and 2003/4 in the middle regions of the Swan-Canning Estuary. 
 
5.3.1.2 Sediment characteristics 
ANOVA showed that the % contribution of POM to the sediments differed 
significantly between periods, seasons and sites (Table 5.2). The mean square was 
substantially greater for period than for the other two factors. The overall mean %   201
contribution of POM recorded in 1986/7 was ~1.5 times greater than that recorded in 
2003/4 (i.e. 1.34 ± 0.71 vs 0.88 ± 0.76, respectively). Overall, the mean % contribution 
of POM at Dalkeith (0.832) was lower than that at the other three sites (1.0-1.1). In the 
former period, the % contribution of POM was generally greatest in spring and summer 
and least in autumn or the second winter (Fig. 5.3 a). However, it was less variable in 
the latter period and tended to be greatest in spring and least in summer (Fig. 5.3b). 
 
Table 5.2  Mean squares (MS) and their significance levels (p) for ANOVA’s on data for the 
depth of the redox layer and %POM at four sites in five seasons during two 
separate time periods in the Swan-Canning Estuary. df=degrees of freedom. 
Statistics shown in bold face indicate a significant result at p≤0.05. 
 
      Redox  %POM 
  df MS  p  MS  p 
Main Effects          
period  1  180.08 <0.001 1.85 <0.001 
season  4  42.97 <0.001 0.02 0.029 
site  3 2.41 0.278 0.44 <0.001 
Two-way Interactions          
period * season  4  25.50 <0.001 0.07 0.451 
period * site  3  5.11 0.046 0.03 0.757 
season * site  12  5.826 0.010 0.08 0.383 
Three-way Interactions          
period * season * site  12  4.302 0.012 0.12 0.073 
Error  160 1.84   0.07  
 
ANOVA showed that the depth of the redox layer differed significantly between 
periods and seasons and that all two-way interactions and that between all three factors 
were significant (Table 5.2). The mean square for period was far greater than that for 
any other factor or interaction. The mean redox depth at all four sites in 2003/4 was far 
greater in both winters and in spring than during those seasons in 1986/7 (Fig. 5.3 c, d).  
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Figure 5.3  Mean values for the % contribution of POM to the sediments (a, b) and the depth 
of the redox discontinuity layer (c, d) at Dalkeith, Applecross, Matilda Bay and 
Deepwater Bay in the Swan-Canning Estuary in five seasons in 1986/7 and 
2003/4.N.B. The overall mean ± 95% confidence intervals for the %POM and 
redox depth in each period is also shown.   203
During the former period, the seasonal variations in the depth of the redox layer 
differed among sites and were relatively shallow, whereas in the latter period, they were 
far greater in both winters and spring than in summer and autumn at each site.  
In each season and at each site in 1985/6 and 2003/4, the sediments in the 
middle reaches of the Swan-Canning Estuary were dominated by grains in the medium-
coarse size range (i.e. 200-2000 and 250-1000 μm, respectively) (Figs 5.4-5.7). 
However, there was a greater contribution, overall, of silt/clay (<60 and <63 μm 
sediment grains) in 1985/6 than in 2003/4. In 1985/6 the % contribution of grains 
<63 μm was less in autumn than in the other three seasons (Fig. 5.4a). During both 
periods, the sediment at Applecross contained a far greater contribution of medium 
grain sizes (200-600 and 250-500 μm, in 1985/6 and 2003/4, respectively), whereas that 
at Dalkeith, Matilda Bay and Deepwater Bay contained a greater contribution of course 
grain sizes (600-2000 and 500-2000, respectively, Figs 5.6 and 5.7).   204
 
 
Figure 5.4  Mean + upper 95% confidence interval for the % contributions of grain size 
fractions to the sediment in (a) summer, (b) autumn, (c) winter and (d) spring 
during 1985/6 in the middle reaches of the Swan Canning Estuary.   205
 
 
 
 
Figure 5.5  Mean + upper 95% confidence interval for the % contributions of grain size 
fractions to the sediment in (a) winter, (b) spring, (c) summer (d) autumn and (e) 
winter during 2003/4 in the middle reaches of the Swan Canning Estuary. 
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Figure 5.6  Mean + upper 95% confidence interval for the % contributions of grain size 
fractions to the sediment at (a) Dalkeith (b) Applecross (c) Matilda Bay and (d) 
Deepwater Bay in each season during 1985/6 in the Swan Canning Estuary.   207
 
 
 
Figure 5.7  Mean + upper 95% confidence interval for the % contributions of grain size 
fractions to the sediment at (a) Dalkeith (b) Applecross, (c) Matilda Bay and (d) 
Deepwater Bay in five seasons during 2003/4 in the Swan Canning Estuary.   208
 
5.3.2  Benthic macroinvertebrate fauna 
The total number of benthic macroinvertebrates collected during sampling of 
four sites in the middle reaches of the Swan-Canning Estuary in five seasons in 2003/4 
was remarkably similar to that recorded by Rose (1994) at the same sites and seasons in 
1986/7, i.e. 122062 vs 123312, when the number in each sample is adjusted to that in 
0.1 m
-2 and summed (Table 5.3). The fauna sampled during 2003/4 contained 41 species 
from seven phyla, namely Annelida, Crustacea, Mollusca, Sipuncula, Nematoda and 
Uniramia, whereas that collected during 1986/7 yielded 52 species from eight phyla, 
namely Annelida, Crustacea, Mollusca, Nemertea, Cnidaria, Chordata, Uniramia and 
Turbellaria. The Annelida, Crustacea and Mollusca, which were the most speciose phyla 
during both sampling periods, were represented by 18, 9 and 11 species, respectively, 
during 2003/4, and by 10, 21 and 15 species, respectively, during 1986/7. The five most 
abundant species contributed ~80 and 70% to the total number of individuals collected 
in 1986/7 and 2003/4, respectively. The most abundant species were the polychaetes  
Ceratonereis aequisetis (19.41%) and Capitella sp. (20.59%) in 1986/7 and 2003/4, 
respectively. In 1986/7, the tanaid, Tanais dulongii (ranked 4
th), and the bivalve 
Arthritica semen (ranked 5
th) contributed ~11 and 7.5% to the total number of 
individuals, respectively, whereas these species contributed only 0.18% and 1.62%, 
respectively in 2003/4 (Table 5.3). 
Overall, 29 species that were recorded in 1986/7 were not recorded in 2003/4, 
and 18 species were recorded in the latter, but not the former period (Table 5.3). Of 
those 29 species not recorded in 2003/4, 14 were crustaceans and seven were molluscs, 
which together contributed ~40% to the number of species recorded during 1986/7. The 
majority of these species were represented by only one to three individuals. However 
two species, i.e. the bivalve Xenostrobus securis and the isopod Syncassidina  
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Table 5.3  Mean density (no. 0.1 m
-1) (M), standard deviation (SD), percentage contributions to the total number of individuals (%C), cumulative percentage to the 
total number of individuals (Cmt%) and the rank by density (R) of the benthic macroinvertebrate taxa in samples collected at four sites in the middle 
reaches of the Swan-Canning Estuary in five seasons during 1986/7 and 2003/4. Each taxon has been assigned to its respective phyla (ph) (A-Annelida, 
C-Crustacea, M-Mollusca, S-Sipuncula, U-Uniramia, N-Nematoda, T-Turbellaria, Cn-Cnidaria, Ch-Chordata, Ne-Nemertea) and predominant feeding 
mode (F) (DF-deposit feeder, SF-suspension feeder, P-predator, U-unknown). The number of taxa, number of samples collected and the total number of 
individuals (after the number of individuals in each sample had been adjusted to that in 0.1 m
-2) are also provided for each period.  
 
      1986/7  2003/4 
  Ph  F  M  SD  %C  Cmt %  R    M  SD  %C  Cmt %  R 
Ceratonereis aequisetis  A DF,  P  239.58  187.49  19.41 38.15  1    146.35  130.68  11.99 63.14  4 
Grandidierella propodentata  C DF  231.35  278.51  18.74 55.95  2    212.92  312.46  17.44 38.04  2 
Capitella spp.  A  DF  219.69  289.12  17.80  66.96  3    251.35  206.73  20.59  20.59  1 
Tanais dulongii  C DF  135.94  318.89  11.01 74.63  4    2.19  9.40 0.18 99.11  19 
Arthritica semen  M DF,  SF  94.69  132.10 7.67 79.61  5    19.79 38.08 1.62 95.91  12 
Corophium minor  C DF  61.46  127.24 4.98 84.34  6    60.42  126.76 4.95 83.50  7 
Boccardiella limnicola  A DF,  SF  58.44 88.45 4.73 88.22  7    0.52  4.28 0.04 99.72  28 
Leitoscoloplos normalis  A DF  47.92 44.98 3.88 91.08  8   107.50  131.45 8.81 71.95  5 
Sanguinolaria biradiata  M SF  35.31 53.09 2.86 92.91  9   160.10  231.53  13.12 51.15  3 
Musculista senhausia  M SF  22.60 77.36 1.83 94.30  10    33.33  114.84 2.73 89.90  9 
Paracorophium excavatum  C DF  17.08 66.32 1.38 95.63  11    0.42  2.05 0.03 99.80  30 
Xenostrobus securis  M SF  16.46 43.04 1.33 96.92  12             
Syncassidina aestuaria  C DF  15.94 47.62 1.29 97.49  13             
Melita matilda  C DF  6.98 19.19 0.57 97.86  14             
Melita zeylanica  C DF  4.58 17.91 0.37 98.15  15             
Marphysa sanguinea  A DF  3.54  6.32 0.29 98.37  16    1.25  4.26 0.10 99.33  22 
Australonereis ehlersii  A DF  2.81 10.76 0.23 98.59  17    44.69  113.81 3.66 87.17  8 
Nemertean  sp.  N  P  2.71  9.55  0.22  98.76  18           
Venerupis crenata  M SF  2.08  7.97 0.17 98.93  19    0.63  2.89 0.05 99.62  26 
Caprella scaura  C DF,  P  2.08 10.26 0.17 99.08  19    0.10  1.04 0.01 99.94  36 
Ficopomatus enigmatus  A SF  1.88 11.12 0.15 99.19  21    0.42  4.17 0.03 99.83  30 
Halicarcinus bedfordi  C  DF  1.35  4.60  0.11  99.28  22           
Hydrobia buccinoides  M  DF  1.15  4.42  0.09  99.37  23           
Tatea preseii  M  DF  1.04  3.47  0.08  99.44  24          
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      1986/7  2003/4 
  Ph  F  M  SD  %C  Cmt %  R    M  SD  %C  Cmt %  R 
Telina deltoidalis  M  SF  0.94 3.00  0.08  99.50 25    4.17  10.88 0.34  98.25 16 
Munna brevicornis  C  U  0.73  2.21  0.06  99.71  26          
Haliplanella luciae  Cn  SF  0.52  2.28  0.06  99.55  27          
Erichthonius  sp  C  DF  0.52  3.43  0.04  99.59  27          
Cirriformia filigera  A  DF  0.42  3.28  0.04  99.62  29          
Haustroriid  sp.  C  DF  0.42  3.28  0.03  99.68  29          
Spisula trigonella  M DF,  SF  0.31  1.79 0.03 99.73  31   2.19  9.85 0.18 98.93  19 
Tethygenia elanora  C  DF  0.31  3.13  0.03  99.76  31           
Metapenaeus dali  C  DF  0.21  1.47  0.03  99.77  33           
Pilumnopeus serratifrons  C  P  0.21  1.47  0.02  99.79  33           
Nodilittorina unifasciata  M  DF  0.21  2.08  0.02  99.81  33           
Notoplana longicrumera  T  DF  0.21  1.04  0.02  99.83  33           
Exosphaeroma  sp  C  DF  0.21  1.04  0.02  99.84  33           
Cruranthura simplicia  C U  0.21  1.04 0.02 99.86  33   0.10  1.04 0.01 99.98  36 
Eubittium lawleyannum  M  DF  0.10  1.04  0.02  99.88  39           
Paratanytarsus grimii  U  DF  0.10  1.04  0.02  99.88  39           
Gastrosaccuss dakini  C DF,  SF  0.10  1.04  <0.01 99.89  39   0.42  3.28 0.03 99.86  30 
Balanus amphitrite  C  SF  0.10  1.04  <0.01  99.90  39           
Liloa brevis  M  DF  0.10  1.04  <0.01  99.91  39           
Harmothoe waali  A  DF,  SF  0.10  1.04  <0.01  99.92  39           
Caprella equilibra  C  U  0.10  1.04  <0.01  99.93  39           
Palaeomonetes australis  C  SF,  DF  0.10  1.04  <0.01  99.94  39           
Philine cf. angasi  M  DF,  SF  0.10  1.04  <0.01  99.94  39           
Pseudoceros reticulatus  T  DF,  SF  0.10  1.04  <0.01  99.95  39           
Ciona  sp.  Ch  SF  0.10  1.04  <0.01  99.96  39           
Prionospio cirrifera  A DF  0.10  1.04  <0.01 99.97  39   20.73 55.09  1.70 94.29  11 
Nassarius burchardii  M P  0.10  1.04  <0.01 99.98  39   6.88 19.32  0.56 97.91  15 
Velacumantus australis  M DF  0.10  1.04  <0.01 100.0  39   1.46  5.93 0.12 99.23  21 
Pseudopolydora kempi  A  DF,  SF            80.63  112.08  6.61  78.55  6 
Oligochaete  spp.  A  DF            32.92  72.32  2.70  92.59  10  
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      1986/7  2003/4 
  Ph  F  M  SD  %C  Cmt %  R    M  SD  %C  Cmt %  R 
Carazziella victoriensis  A  DF,  SF             10.52 26.92  0.86 96.77  13 
Sipunculan sp. 5  S  DF              3.85  9.09  0.32  98.57  17 
Eusirid  sp.  2  C  DF          2.29  22.92  0.19  98.75  18 
Paranthurid sp. 2  C  DF              1.25  10.50  0.10  99.44  22 
Armandia  sp.  A  DF          0.94  9.38  0.08  99.51  24 
Sabellid  sp.  A  SF          0.73  3.39  0.06  99.57  25 
Donax  sp.  M  SF          0.63  3.87  0.05  99.68  26 
Laturnula  sp.  M  SF          0.31  1.79  0.03  99.89  30 
Fusinus  sp.  M  P          0.31  1.79  0.03  99.91  30 
Heteromastus  sp.  A  DF          0.21  1.47  0.02  99.93  35 
Nanereis  sp.  A  DF          0.10  1.04  0.01  99.95  36 
Amphinomid  sp.  A  DF          0.10  1.04  0.01  99.96  36 
Maldanis  sp.  A  DF          0.10  1.04  0.01  99.97  36 
Orbiniella sp.  A  DF          0.10  1.04  0.01  99.97  36 
Nematode  sp.  Ne  U          0.10  1.04  0.01  99.99  36 
Coleopteran  sp.  U  DF          0.10  1.04  0.01  100.0  36 
Overall mean density     1234  712.00       1220 959.79       
Mean number of species     9.62  2.51       8.75 4.13       
Total number of individuals     123312    122062 
Total number of species      52    41   212
aestuaria contributed ~1% to the total number of individuals in 1986/7. The remaining 
eight species not recorded in 2003/4 comprised two tubellarians, two annelids and one 
each of Cnidaria, Chordata and Nemertea. In contrast, 10 of the 18 species recorded in 
2003/4 but not in 1986/7 were polychaetes, several of which were relatively abundant, 
i.e. Pseudopolydora kempi (ranked 6
th) and Carazziella victoriensis (ranked 13
th). The 
remaining eight species, which comprised three molluscs, two crustaceans and one each 
of Sipuncula, Uniramia and Nemertea, were relatively rare (Table 5.3). 
 
5.3.2.1 Number of species, densities and diversity of benthic macroinvertebrates 
  Three-way ANOVA showed that the mean number of species differed 
significantly among periods, seasons and sites, and that there was a significant period x 
season interaction. The mean squares were far greater for season and for the period x 
season interaction than for any other effect (Table 5.4). The mean number of species 
underwent far less variation in 1986/7 than in 2003/4. In the latter period it declined 
markedly between summer and autumn in 2004 and then rose sharply in winter 
2004.The mean number of species was thus significantly greater in summer and autumn 
in 1986 than in 2003, whereas the opposite was true for that in winter 1987 vs winter 
2004 (Fig. 5.8a). During 1986/7, the mean number of species was significantly greater 
in summer than autumn, whereas during 2003/4 it was significantly lower in autumn 
than in all other seasons. The mean number of species was greatest at Deepwater Bay 
and least at Applecross in both periods (Fig. 5.8b). 
The mean densities of benthic macroinvertebrates differed significantly between 
periods, seasons and sites and all two-way interactions between those factors were 
significant (Table 5.4). The mean square was greatest for season followed by that for the 
period x season interaction. The mean density of benthic macroinvertebrates was  
2
1
3
Table 5.4  Mean squares (MS) and their significance levels (p) for ANOVA’s of the number of species, density, average taxonomic distinctness and variation in 
taxonomic distinctness of the benthic macroinvertebrates at four sites in five seasons during two separate periods in the Swan-Canning Estuary. 
df= degrees of freedom.  
 
   
Number of 
Species  Density  
Average 
Taxonomic 
Distinctness  
Variation 
Taxonomic 
Distinctness 
  df MS  p   MS  p   MS  p   MS  p 
Main Effects                  
period  1  37.85 <0.001 14.57 <0.001 6.27 <0.001 5.89 <0.001
season  4  169.92 <0.001 43.94 <0.001 5.52 <0.001 5.39 <0.001
site  3  52.27 <0.001 2.50 0.02  0.17 0.57 0.37 0.10
Two-way Interactions                  
period * season  4  133.12 <0.001 33.32 <0.001 5.57 <0.001 5.06 <0.001
period * site  3 9.94 0.08 3.28 <0.001  0.17 0.58 0.32 0.15
season * site  12 10.63 0.06 1.77 0.001  0.16 0.82 0.27 0.13
Three-way Interactions                  
period * season * site  12 7.16 0.08 0.59 0.64  0.16 0.83 0.31 0.06
Error  160   4.34      0.72       0.26       0.18   
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significantly greater in the spring of 2003 than in the spring of 1986, whereas the 
opposite was true for both summer and autumn for 1986 vs 2004. The mean densities 
did not differ significantly between the winters of 1986/7 vs those of 2003/4, 
respectively. During 1986/7, the mean density was significantly greater in summer than 
in the other seasons, whereas during 2003/4, the significantly higher and lower mean 
densities were recorded during spring and autumn, respectively (Fig. 5.8c).  
 
 
Figure 5.8  Mean ± 95% confidence intervals for the number of species and densities of 
benthic macroinvertebrates in (a, c, respectively) five seasons and (b, d, 
respectively) at four sites in the middle reaches of the Swan-Canning Estuary in 
1986/7 and 2003/4. N.B. Since the mean number of species at each site did not 
differ between periods, the values for (b) were meaned over both periods. Dk, 
Dalkeith; Ac, Applecross; MB, Matilda Bay; DB, Deepwater Bay.   215
At Applecross and Matilda Bay, the mean density of benthic macroinvertebrates 
was significantly greater in 1986/7 than in 2003/4 (Fig. 5.8c). The mean densities did 
not differ significantly among sites during 1986/7, whereas in 2003/4, the density was 
significantly greater at Deepwater Bay than at the other three sites (Fig. 5.8c). 
Three-way ANOVA showed that Δ
+ and Λ
+ differed significantly between 
periods and seasons and that there was a significant period x season interaction for both 
of these dependent variables (Table 5.4). The interaction plots show that the values of 
these indices displayed little seasonal variation in 1986/7 but declined markedly during 
autumn in 2003/4 before rising, in the following winter, to a level comparable with that 
of summer (Fig. 5.9a, b).  
 
Figure 5.9  Mean ± 95% confidence intervals for (a) average taxonomic distinctness and (b) 
variation in taxonomic distinctness of the benthic macroinvertebrate fauna in five 
seasons during 1986/7 and 2003/4. 
 
5.3.2.2 Joint Δ
+ and Λ
+ diversity analysis 
Since ANOVA demonstrated that the mean Δ
+ and mean Λ
+ both differed 
significantly between periods and seasons and there was a significant interaction 
between these factors, 95% probability ellipses for Δ
+ vs Λ
+ scatter plots were calculated 
for a specified range of subsets of species and superimposed with the observed Δ
+ and 
Λ
+ values for the species lists in each season in each period (Fig. 5.10). The points   216
representing the joint Δ
+ and Λ
+ values in each season during each period fell within 
their respective 95% probability ellipses. This indicated that the taxonomic structure of 
the species assemblages in each season were representative of that expected for the 
Swan-Canning Estuary during both periods.  
 
 
Figure 5.10  Bivariate plots of the Δ+ and Λ+ for the benthic macroinvertebrate assemblages 
recorded in each season in 1986/7 and 2003/4 in the Swan-Canning Estuary. N.B. 
Values for Δ+ and Λ+ in each season were based on the species present at the four 
sites in the middle reaches of the Swan-Canning Estuary. 
 
5.3.2.3 Composition of benthic macroinvertebrate assemblages between periods 
When the densities of each benthic macroinvertebrate taxon at each site in each 
season in each period were subjected to MDS ordination and coded for period, the 
points representing the samples from 1986/7 lay in a tight group to the left of those 
representing most of the samples from 2003/4 (Fig. 5.11a). When the same data were 
coded for season and site, the points intermingled strongly on the plots (plots not 
shown). ANOSIM was not carried out on this data due to the confounding influences of 
spatial and seasonal differences.  
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Figure 5.11  MDS ordinations of the densities of benthic macroinvertebrate species in all 
samples collected in the middle reaches (of the Swan-Canning Estuary in 1986/7 
and 2003/4. 
 
The composition of the benthic macroinvertebrate fauna during 1986/7 was 
distinguished from that in 2003/4 by the presence of far greater densities of the 
polychaetes Ceratonereis aequisetis and Boccardiella limnicola, the crustaceans 
Grandidierella propodentata and Tanais dulongii, and the bivalve Arthritica semen 
(Table 5.5). In contrast, the species composition in 2003/4 was distinguished by greater 
densities of the polychaetes Capitella sp., Leitoscoloplos normalis, Australonereis 
ehlersii and Pseudopolydora kempi, the crustacean Corophium minor and the bivalve 
Sanguinolaria biradiata (Table 5.5).   218
Table 5.5  Species detected by one-way SIMPER as distinguishing the benthic 
macroinvertebrate assemblages in the middle reaches of the Swan-Canning 
Estuary in 1986/7 from that in 2003/4. The period in which the species densities 
were greatest and any relatively high ratios of dissimilarity to standard deviation 
(Diss/SD), i.e. >1, are highlighted in boldface. The % contributions of each species 
to the dissimilarity between the compositions in each period are also shown. P, 
Polychaete; B, Bivalve; T, Tanaid; A, Amphipod. 
 
  Average Density                    
 1986/1987  2003/2004  Diss/SD  %Contribution
Grandidierella propodentata (A) 57.87  31.55  1.01  7.11 
Arthritica semen (B)  26.53  2.85  1.13  6.86 
Sanguinolaria biradiata (B) 7.51  38.49 1.17  6.56 
Boccardiella limnicola (P)  14.73  0.00  1.16  6.55 
Tanais dulongii (T)  13.15  0.02 0.98  6.04 
Capitella sp. (P)  55.77  64.45  0.78 5.96 
Pseudopolydora kempi (P) 0.00  15.33 1.16  5.73 
Corophium minor (A) 6.49  8.63 1.11  5.62 
Ceratonereis aequisetis (P)  81.61  46.01 0.70  5.46 
Leitoscoloplos normalis (P) 26.53  33.26  0.92 5.01 
 
Compositions of assemblages between periods for each season 
Attention was next focused on examining the extent of the differences in the 
compositions between periods, once the confounding influences of seasons and sites 
had been removed. Thus, two-way crossed period x site ANOSIM tests were performed 
using the data for each season individually. These tests showed that, in each season, the 
benthic macroinvertebrate species compositions differed significantly between periods 
and sites and that the differences between periods were greater than those between sites 
(Table 5.6). Differences between periods were large (i.e. R>0.6) in each season except 
autumn, with the greatest differences being recorded for spring, summer and the second 
winter that was sampled.  
Table 5.6  Global R-statistic values and significance levels (p%) detected by two-way crossed 
ANOSIM tests carried out on the compositions of the benthic macroinvertebrate 
fauna in different periods and sites in the Swan-Canning Estuary. These test were 
undertaken for each season (a-e)  
 
 Period  Site 
 Global  R  p% Global  R p% 
a) Winter   0.655  0.1  0.487  0.1 
b) Spring   0.842  0.1  0.671  0.1 
c) Summer  0.918  0.1 0.456 0.1 
d)  Autumn 0.497 0.1 0.229 0.1 
e)  Winter  0.966 0.1 0.495 0.1   219
When the matrices employed in each of the above ANOSIM tests were 
subjected to separate MDS ordinations, the samples from 1986/7 and 2003/4 formed 
distinct groups in the plots, except for those collected in autumn (Fig. 5.12b-f). In the 
latter case, all the points representing the samples from 1986/7 lay very close to one 
another with some of those from 2003/4, while the rest of those from 2003/4 were 
widely dispersed throughout the plot (Fig. 5.12d). When those tightly grouped samples 
were examined more closely, the points representing each period were well separated 
(Fig. 5.12e). The samples from 1986/7 and 2003/4 showed the greatest degree of 
separation in the plots for spring, summer and the second winter (Fig. 5.12b, c & f). 
 
 
Figure 5.12  MDS ordinations of the densities of benthic macroinvertebrate species in all samples 
collected in the middle reaches of the Swan-Canning Estuary in (a) winter 1986 and 
2003 (b) spring 1986 and 2003, (c) summer 1987 and 2004, (d, e) autumn 1987 and 
2004 and (f) winter 1987 and 2004 . N.B. Plot (e) is a zoomed-in version of plot (d).   220
Two-way crossed SIMPER showed that, of the species that distinguished the 
benthic macroinvertebrate compositions between periods in each season, A. semen, 
T. dulongii and B. limnicola were always recorded in far greater densities in 1986/7 than 
in 2003/4 (Table 5.7). In contrast, S. biradiata and P. kempi were relatively more 
abundant in 2003/4 than in the corresponding season in 1986/7, except for autumn. The 
species composition in autumn of 1986/7 was distinguished from that in autumn of 
2003/4 by greater densities of eight species in the former period (Table 5.7). Several 
species, i.e. C. aequisetis, C. minor and G. propodentata, were also among the species 
which distinguished between the assemblages in the other seasons. While these three 
species were relatively more abundant in summer and autumn in 1986/7, they were 
relatively more abundant in both winters and spring in 2003/4 (Table 5.7). 
 
Compositions of assemblages between periods at each site 
The extent of differences in composition between periods was next examined at 
each site by performing two-way crossed period x season ANOSIM tests on the data 
recorded for each individual site, and focusing only on period. These tests showed that 
 the species compositions differed significantly between periods in each case (p=0.1%), 
with all associated R-statistics being high (R-statistics: 0.629-0.877, Table 5.9). There 
were also significant seasonal differences in the assemblage compositions at each site, 
but the R-statistic for this factor was, in each case, far less than that for period. 
The four separate MDS ordination plots of the data recorded at each site, 
showed tightly clustered groups of points with several outliers (figures not shown). 
When the tightly clustered groups were examined more closely, samples collected in 
1986/7 formed a distinct group from those collected in 2003/4 in each case, with those 
from Deepwater Bay showing the greatest degree of separation (Figs 5.13).  
   221
Table 5.7  Species detected by SIMPER as distinguishing between the benthic 
macroinvertebrate assemblages in the Swan-Canning Estuary in 1986/1987 vs 
those in 2003/2004 in each of five consecutive seasons. The period in which the 
species densities were greatest and any relatively high ratios of dissimilarity to 
standard deviation (Diss/SD), i.e. >1, have been highlighted in boldface. The % 
contribution of each species to the dissimilarity between the compositions in each 
period is also given.  P, Polychaete; B, Bivalve; T, Tanaid; A, Amphipod. 
 
 
   Average  Density      
 Distinguishing  Species  1986/19
87 
2003/200
4 
Diss/S
D 
Contrib
% 
Cum.
% 
Winter  Sanguinolaria biradiata (B) 3.84  65.97 1.63  8.38 8.38 
  Arthritica semen (B)  14.00  13.71  1.28  6.38 14.76 
  Tanais dulongii (T)  7.13  0.08 0.98  6.23 21.00 
  Ceratonereis aequisetis (P) 1.36  8.74 1.37  6.14 27.14 
  Corophium minor (A) 3.97  22.82 1.29  6.10 33.24 
  Grandidierella propodentata (A)  21.09  23.41 1.11  6.00 39.25 
Spring  Pseudopolydora sp. 2 (P)    59.64 2.92  10.71 10.71 
  Sanguinolaria biradiata (B)  3.84  103.93 1.55  8.24 18.95 
  Oligochaete sp. 5    14.14 1.25  6.23 25.17 
  Musculista senhausia (B)  2.04  9.51 1.12  5.96 31.13 
  Leitoscoloplos normalis (P)  25.46  94.01 1.70  5.88 37.01 
  Boccardiella limnicola (P)  7.61    1.03  5.52 42.53 
  Corophium minor (A)  29.66  46.93 1.11  5.34 47.88 
  Capitella sp. (P)  46.62  104.44 1.09  5.00 52.87 
Summe
r  Boccardiella limnicola (P)  42.43    1.85  9.10 9.10 
  Corophium minor (A)  44.79  0.04  1.86  7.95 17.05 
  Arthritica semen (B)  50.73  0.66  1.66  7.60 24.65 
  Grandidierella propodentata (A)  143.77  19.81  1.45  7.57 32.22 
  Pseudopolydora kempi (P)    27.18 1.65  7.45 39.67 
  Tanais dulongii (T)  25.46    1.24  7.16 46.83 
  Capitella sp. (P)  16.74  78.99 1.30  5.79 52.61 
  Sanguinolaria biradiata (B)  5.17  30.83 1.25  5.21 57.83 
Autumn  Grandidierella propodentata (A)  39.86  0.05  1.77  11.60 11.60 
  Ceratonereis aequisetis (P)  76.86  4.37  1.30  11.18 22.78 
  Capitella sp. (P)  50.73  3.07  1.34  10.34 33.12 
  Sanguinolaria biradiata (B)  18.93  1.79  1.36  9.63 42.74 
  Arthritica semen (B)  30.83  0.11  1.25  8.99 51.74 
  Leitoscoloplos normalis (P)  32.52  2.35  1.27  8.88 60.62 
  Boccardiella limnicola (P)  16.26    1.32  8.69 69.30 
  Tanais dulongii (T)  10.56    1.02  6.96 76.26 
Winter  Pseudopolydora kempi (P)    57.16 3.58  9.27 9.27 
  Ceratonereis aequisetis (P)  0.02  44.79 2.18  7.96 17.23 
  Tanais dulongii (T)  30.36  0.03  1.64  7.08 24.30 
  Boccardiella limnicola (P)  29.43  0.01  2.13  7.02 31.32 
  Sanguinolaria biradiata (B)  3.65  48.81 1.47  5.74 37.06 
  Corophium minor (A)  0.14  16.26 1.49  5.26 42.32 
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Table 5.8  Global R-statistic values and significance levels (p%) detected by two-way crossed 
ANOSIM tests carried out on the compositions of the benthic macroinvertebrate 
fauna in different periods and seasons in the Swan-Canning Estuary. These tests 
were undertaken for each site (a-d).  
 
 Period  Season 
 Global  R  p% Global  R p% 
a)  Dalkeith  0.775  0.1 0.491 0.1 
b)  Applecross  0.629  0.1 0.298 0.1 
c)  Matilda  Bay  0.821  0.1 0.532 0.1 
d) Deepwater Bay  0.877  0.1  0.521  0.1 
 
 
 
 
Figure 5.13  MDS ordinations of the densities of benthic macroinvertebrate species at (a) 
Dalkeith (b) Applecross (c) Matilda Bay (d) Deepwater Bay in five seasons in 
1986/7 and 2003/4 in the Swan-Canning Estuary. 
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SIMPER showed that at Dalkeith, Applecross, and Matilda Bay, several species 
consistently distinguished the compositions of the benthic macrofaunal assemblages in 
1986/7 from those in 2003/4. Of these species, T. dulongii and B. limnicola were 
recorded in greater densities in the former period at all three sites (Table 5.10). 
Corophium minor and A. semen were also among those that distinguished the 
compositions between periods, being recorded in greater densities during 1986/7. 
Sanguinolaria biradiata and P. kempi also consistently distinguished the assemblage 
compositions between periods at the three sites, but were recorded in greater densities 
during 2003/4. Capitella sp. and L. normalis were also recorded in greater densities 
during 2003/4 at these sites. 
SIMPER showed that, at Deepwater Bay, the lower Canning River site, far more 
of the species that distinguished the benthic macroinvertebrate assemblage in 1986/7 
from that in 2003/4 were recorded in greater numbers during the latter period (Table 
5.10). These species included G. propodentata and C. minor, which at the other three 
sites, were recorded in greater densities in 1986/7. 
 
5.3.2.4 Compositions of benthic macroinvertebrate assemblages among seasons and 
sites in 1986/7 vs 2003/4 
The 1986/7 and 2003/4 datasets were subjected separately to two-way crossed 
season x site ANOSIM tests to examine whether the extent of seasonal and spatial 
variation in the compositions of the benthic macroinvertebrate fauna differed between 
the two periods. Attention was first focused on comparing the seasonal differences 
detected by these tests in each period. ANOSIM showed that there were significant 
seasonal differences among the benthic macroinvertebrate assemblages during both 
1986/7 and 2003/4 and that overall, the extent of these differences was similar in both 
periods (Global R-statistic: 0.496 vs 0.425, in 1986/7 and 2003/4 respectively, p=0.1%)    224
Table 5.9  Species detected by SIMPER as distinguishing between the benthic 
macroinvertebrate assemblages in the Swan-Canning Estuary in 1986/1987 vs 
those in 2003/2004 at each of four sites. The period in which the species densities 
were greatest and any relatively high ratios of dissimilarity to standard deviation 
(Diss/SD), i.e. >1, have been highlighted in boldface. The % contribution of each 
species to the dissimilarity between the compositions in each period is also given. 
P, Polychaete; B, Bivalve; T, Tanaid; A, Amphipod. 
 
 
   Average Density    
  Distinguishing Species  1986/1987 2003/2004  Diss/SD  Contrib%
Dalkeith  Sanguinolaria biradiata (B)  20.91  37.40 1.08  8.72 
  Grandidierella propodentata  44.79  15.64 0.95  8.69 
  Tanais dulongii (T)  23.81  0.56  1.16  8.19 
  Boccardiella limnicola (P)  27.62  0.01  1.27  7.98 
  Pseudopolydora kempi (P)    26.10 1.38  6.28 
  Leitoscoloplos normalis (P)  31.31  25.67 0.80  6.24 
  Ceratonereis aequisetis (P)  59.28  40.99 0.62  5.47 
  Corophium minor (A)  8.85  7.51  1.08  5.10 
Applecross  Boccardiella limnicola (P)  25.25    1.91  11.35 
  Grandidierella propodentata (A)  69.88  19.99  1.03  9.63 
  Arthritica semen (B)  50.73  9.06 0.98  9.40 
  Tanais dulongii (T)  8.42    1.03  7.32 
  Pseudopolydora kempi (P)    11.42 1.09  7.27 
  Australonereis ehlersii (P)    8.85 1.24  7.00 
  Leitoscoloplos normalis (P)  24.83  26.96  0.95 6.94 
  Capitella sp. (P)  61.46  66.74  0.79 6.76 
  Ceratonereis aequisetis (P)  105.99  62.20 0.62  6.34 
  Sanguinolaria biradiata (B)  38.76  34.01 0.77  5.52 
  Corophium minor (A)  1.76  3.97  0.97 5.37 
Matilda Bay  Tanais dulongii (T)  47.24    1.61  8.48 
  Boccardiella limnicola (P)  17.23    1.03  7.22 
  Sanguinolaria biradiata (B)  3.12  22.43 1.18  6.79 
  Capitella sp. (P)  62.94  61.46 0.75  6.29 
  Arthritica semen (B)  28.51  1.17  1.23  6.06 
  Grandidierella propodentata (A)  58.57  33.76 0.91  5.41 
  Ceratonereis aequisetis (P)  52.38  27.18 0.76  5.20 
  Pseudopolydora kempi (P)    17.23 1.30  5.17 
  Leitoscoloplos normalis (P)  12.47  34.52 1.03  4.80 
  Corophium minor (A)  16.26  7.23  1.10  4.59 
Deepwater Bay  Sanguinolaria biradiata (B)    68.30 2.75  8.78 
  Arthritica semen (B)  58.57  2.90  1.14  7.59 
  Musculista senhausia (B)  2.90  11.05 1.54  6.55 
  Grandidierella propodentata (A)  60.37  71.48 1.26  5.82 
  Corophium minor (A)  4.23  20.17 1.50  5.45 
  Capitella sp. (P)  35.81  65.59  0.86 5.40 
  Xenostrobus securis (B)  10.92    1.07  4.92 
  Oligochaete spp.    13.85 1.08  4.70 
  Pseudopolydora kempi (P)    9.40 1.05  4.08 
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(Table 5.10a, b). Furthermore, in each period all pairwise comparisons were significant 
(p=0.01%). ANOSIM pairwise comparisons showed that in 1986/7, the seasonal 
differences were greatest between winter 1987 and both spring and summer 
(R-statistic=0.641-0.666), while they were least between autumn and winter 1987 
(R-statistic=0.197) (Table 5.10a). The pairwise R-statistics between seasons were 
generally greater in 2003/4 than in 1986/7, and the greatest seasonal differences in 
composition occurred between winter 2003 and both summer and winter 2004 and also 
between spring and winter 2004 (R-statistic=0.637-0.669) (Table 5.10b). However, the 
smallest difference between seasons, which occurred between spring and autumn, was 
still considerably high, i.e. R-statistic=0.432. 
 
Table 5.10  Global R-statistic values and significance levels (p%) detected by two-way crossed 
ANOSIM tests carried out on the compositions of the benthic macroinvertebrate 
fauna in (a) 1986/7 and (b) 2003/4 in the Swan-Canning Estuary. N.B. Only the 
season component of the two-way crossed ANOSIM test has been shown for both 
(a) and (b). 
 
a) 1986/7 Season Global R-statistic: 0.425, p=0.1% 
 
Winter Spring  Summer  Autumn 
 R  p% R p% R p% R p% 
Winter           
Spring  0.328  0.1        
Summer 0.487 0.1 0.375  0.1      
Autumn 0.342 0.1 0.555 0.1 0.493 0.1     
Winter  0.355 0.1 0.666 0.1 0.641 0.1 0.197 0.1 
 
 
b) 2003/4 Season Global R-statistic: 0.496, p=0.1% 
 
 Winter  Spring  Summer  Autumn 
 R  p% R p% R p% R p% 
Winter           
Spring  0.489  0.1        
Summer 0.689 0.1 0.537  0.1      
Autumn 0.454 0.1 0.432 0.1 0.425 0.1     
Winter  0.669 0.1 0.637 0.1 0.525 0.1 0.502 0.1 
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When the similarity matrix based on the densities of each benthic 
macroinvertebrate species in 1986/7 and 2003/4 were subjected to MDS ordinations the 
majority of the points formed groups according to the different seasons (Fig. 5.13a, b). 
In the plot for 1986/7, the groups of points representing the samples for four of the 
seasons lay relatively close together with those from winter 1987 laying to the left of 
those from spring and summer, and those from autumn laying between these two groups 
(Fig. 5.13a). The points representing the samples from winter 1986 were more dispersed 
than the points representing the other seasons (Fig. 5.13a). In the plot for 2003/4, the 
seasonal groups were more distinct, with those from winter 2004 laying below those 
from spring and summer and those from winter 2003 being less dispersed throughout 
the plot. However, those from autumn were widely dispersed, due to several outlying 
samples (Fig. 5.13b). 
Although two-way crossed SIMPER showed that a similar suite of species 
typified each of the seasons in both 1986/7 and 2003/4, differences in the relative 
abundances of these species distinguished between the fauna in the different seasons 
during each period. In the 1986/7 period, the average densities of the suites of species 
that typified each season, particularly those of C. aequisetis, G. propodentata and 
L. normalis, increased from winter to spring in 1986 and peaked in summer 1987 
(Table 5.12). The polychaete Capitella sp. was an exception to this generalization, with 
the densities of this species peaking during winter and being very low during the 
summer. Each of these four species displayed large ratios of similarity to standard 
deviation in each season (i.e. Sim/SD, Table 5.12), particularly in spring 1986 and 
summer and winter of 1987 (highlighted in bold, Table 5.12). This showed that the 
densities of each were highly consistent within each season, making them particularly 
important for distinguishing among the assemblage compositions in each.   227
 
Figure 5.14  MDS ordinations of the densities of benthic macroinvertebrate species recorded at 
four sites in five seasons in1986/7 (a, c) and 2003/4 (b, d) in the Swan-Canning 
Estuary and coded for seasons (a, b) and sites (c, d). N.B. Each plot is a different 
view of the same ordination. 
 
In contrast the densities of the species that typified each season in 2003/4, 
particularly Capitella sp., C. aequisetis, S. biradiata, P. kempi, L. normalis and 
G. propodentata, peaked in spring, decreased during summer and were least in autumn. 
The densities of these species then recovered to levels similar to that of the previous 
spring during winter 2004 (Table 5.13).    228
 
Table 5.11  Species detected by SIMPER as typifying the benthic macroinvertebrate 
assemblages in each season in 1986/7 in the Swan-Canning Estuary. Those species 
that have relatively high similarity to standard deviation ratios (Sim/SD), i.e. >2, 
are highlighted in boldface. The % contributions of each species to the similarity 
of the compositions between samples within this period are also shown. P, 
Polychaete; B, Bivalve; T, Tanaid; A, Amphipod. 
 
 
 Typifying  species 
Average 
Density 
(0.1m
-2) Sim/SD  %Contribution 
Winter   Capitella sp. (P)
  70.67 2.07  22.08 
  Ceratonereis aequisetis (P)  60.73 2.42  21.20 
  Leitoscoloplos normalis (P)  14.00 1.25  10.15 
  Arthritica semen (B)  14.00 0.92  8.95 
  Grandidierella propodentata (A) 21.09  0.96  8.36 
  Sanguinolaria biradiata (B)  3.84 0.78  7.01 
  Tanais dulongii (T) 7.13  0.62  5.65 
Spring  Ceratonereis aequisetis (P)  95.46 3.49  16.95 
  Grandidierella propodentata (A) 88.36 6.97  15.68 
  Capitella sp. (P)  46.62 2.47  11.70 
  Arthritica semen (B)  30.36 1.89  9.72 
  Leitoscoloplos normalis (P)  25.46 1.84  9.31 
  Corophium minor (A) 29.66 1.33  8.15 
  Sanguinolaria biradiata (B)  12.07 0.99  6.71 
  Boccardiella limnicola (P)  7.61 0.97  5.66 
Summer  Grandidierella propodentata  143.77 3.92  16.55 
  Ceratonereis aequisetis (P)  107.55 3.95  15.35 
  Leitoscoloplos normalis (P)  52.71 3.71  11.13 
  Arthritica semen (B)  50.73 1.88  10.35 
  Boccardiella limnicola (P)  42.43 1.42  9.19 
  Corophium minor (A) 44.79 1.78  9.17 
  Tanais dulongii (T) 25.46  1.08  6.10 
  Capitella sp. (P)  16.74 1.06  5.70 
Autumn  Ceratonereis aequisetis (P)  76.86 2.72  18.36 
  Capitella sp. (P)  50.73 1.78  14.95 
  Leitoscoloplos normalis (P)  32.52 2.45  13.59 
  Grandidierella propodentata (A) 39.86  1.67  12.81 
  Sanguinolaria biradiata (B)  18.93 1.54  12.14 
  Arthritica semen (B)  30.83 1.14  10.96 
  Boccardiella limnicola (P)  16.26 0.91 7.72 
Winter  Capitella sp. (P)  130.96 5.53  22.03 
  Ceratonereis aequisetis (P)  71.89 2.63  17.38 
  Grandidierella propodentata (A) 40.14 2.22  12.09 
  Boccardiella limnicola (P)  29.43 1.94  11.38 
  Leitoscoloplos normalis (P)  17.40 1.81  9.21 
  Tanais dulongii (T) 30.36  1.18  9.01 
  Arthritica semen (B)  16.26 1.27  8.77   229
Table 5.12  Species detected by SIMPER as typifying the benthic macroinvertebrate 
assemblages in each season in 2003/4 in the Swan-Canning Estuary. Those species 
that have relatively high similarity to standard deviation ratios (Sim/SD), i.e. >2, 
are highlighted in boldface. The % contributions of each species to the similarity 
of the compositions between samples within this period are also shown. P, 
Polychaete; B, Bivalve; A, Amphipod; G, Gastropoda. 
 
 
Typifying species 
Average Density 
(0.1m
-2) 
Sim/SD %Contribution 
Winter  Capitella sp. (P)
  96.44 4.17 18.84 
  Sanguinolaria biradiata (B)  65.98 2.43 14.59 
  Ceratonereis aequisetis (P)  56.12 1.63 13.86 
  Corophium minor (A) 22.82  1.84  8.98 
  Leitoscoloplos normalis (P) 24.22  1.40  8.52 
  Grandidierella propodentata (A) 23.41 1.05  7.77 
  Arthritica semen (B)  13.71 1.05  6.2 
Spring  Sanguinolaria biradiata (B)  103.94 2.46  13.17 
  Grandidierella propodentata (A) 110.20 2.69  12.96 
  Capitella sp. (P)  104.46 2.52  12.95 
  Leitoscoloplos normalis (P)  94.02 2.66 12.48 
  Ceratonereis aequisetis (P)  71.49 2.29 11.29 
  Pseudopolydora kempi (P) 59.65 2.10  9.93 
  Corophium minor (A) 46.93  1.17  7.60 
Summer  Leitoscoloplos normalis (P)  65.59 5.42 20.74 
  Capitella sp. (P)  79.00 2.57 19.57 
  Ceratonereis aequisetis (P)  62.95 2.53 18.87 
  Sanguinolaria biradiata (B)  30.83 1.44 13.35 
  Pseudopolydora kempi (P) 27.18 1.16 10.22 
  Grandidierella propodentata (A) 19.81 1.06  8.38 
Autumn  Ceratonereis aequisetis (P) 4.37  0.49 18.06 
  Leitoscoloplos normalis (P) 2.35  0.49 16.41 
  Capitella sp. (P)  3.07 0.40  15.43 
  Nassarius sp. (G)  0.56 0.24  15.42 
  Sanguinolaria biradiata (B)  1.79 0.40  10.99 
 Oligochaete  spp.  0.02 0.17  10.94 
  Corophium minor (A)  0.39 0.31 6.80 
Winter  Capitella sp. (P)  117.80 7.94  14.56 
  Grandidierella propodentata (A) 109.67 4.73  13.43 
  Ceratonereis aequisetis (P) 77.29  5.52  12.02 
  Pseudopolydora kempi (P) 57.16 2.60 10.26 
  Sanguinolaria biradiata (B)  48.81 5.09  9.61 
  Australonereis ehlersii (P) 44.80 1.85 9.01 
  Leitoscoloplos normalis (P) 32.03  1.82  7.55 
  Corophium minor (A) 16.27  1.10  4.99   230
Attention was next focused on examining any differences in the extent of spatial 
variation between 1986/7 and 2003/4. The two-way crossed (season x site) ANOSIM 
tests that were applied separately to the 1986/7 and 2003/4 datasets showed that, in each 
period, the benthic macroinvertebrate assemblages differed significantly among sites 
(p=0.1%) (Table 5.13 a, b). The global R-statistic was greater in 1986/7 than 2003/4 and 
pairwise comparisons showed that the extent of the differences between sites was also 
greater in the earlier period. However the relative differences among the pairs of sites 
was consistent for each period (Table 5.13). Thus, the R-statistics were greatest between 
Dalkeith and Deepwater Bay and least between Dalkeith and Applecross in both 
periods.  
 
Table 5.13  Global R-statistic values and significance levels (p%) detected by two-way crossed 
ANOSIM tests carried out on the compositions of the benthic macroinvertebrate 
fauna in (a) 1986/7 and (b) 2003/4 in the Swan-Canning Estuary. N.B. Only the site 
component of the two-way crossed ANOSIM test has been shown for both (a) and 
(b). 
 
 
a) 1986/1987 Site Global R-statistic: 0.551, p=0.1% 
   
 Dalkeith  Applecross  Matilda  Bay 
 R  p% R p% R p% 
Dalkeith        
Applecross  0.429  0.1      
Matilda Bay  0.486  0.1  0.537  0.1     
Deepwater  Bay  0.751 0.1 0.739 0.1 0.546 0.1 
 
 
b) 2003/2004 Site Global R-statistic: 0.384, p=0.1% 
      
 Dalkeith  Applecross  Matilda  Bay 
 R  p% R p% R p% 
Dalkeith        
Applecross  0.278  0.1      
Matilda Bay  0.417  0.1  0.379  0.1     
Deepwater  Bay  0.496 0.1 0.485 0.1 0.452 0.1 
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Separate MDS ordination plots for data from each period showed that the 
samples tended to form groups according to site (Fig. 5.13c&d). In the plot for the 
1986/7 data, the points representing the samples from Dalkeith were clearly discrete 
from those from Deepwater Bay, with those representing the other two sites forming 
intermediate groups. In the plot for 2003/4, the points representing the samples from 
each site showed a greater degree of overlap and were therefore not as distinct 
(Fig. 5.13b). 
SIMPER showed that the densities of the typifying species for each site were far 
more variable among sites in 1986/7 than in 2003/4 (Tables 5.14 & 5.15). For example, 
in 1986/7, C. aequisetis and A. semen, were ~1.4 to 2 times more abundant and were 
more consistent at Applecross and Deepwater Bay than at the other two sites (Table 
5.14). In contrast, the densities of those species that typified the four sites in 2003/4 
were relatively similar among the sites. The main differences included the fact that the 
bivalve Musculista senhausia, and the polychaetes Prionospio cirrifera and 
Australonereis ehlersii were among those that typified the compositions only at 
Deepwater Bay, Matilda Bay and Applecross, respectively (Table 5.15). Moreover, 
S. biradiata, G. propodentata and Capitella sp. were more consistent at Deepwater Bay 
than at the other sites.   232
Table 5.14  Species detected by SIMPER as typifying the benthic macroinvertebrate 
assemblages at each site in 1986/7 in the Swan-Canning Estuary. Those species 
that have relatively high similarity to standard deviation ratios (Sim/SD), i.e. >2, 
have been highlighted in boldface. The % contributions of each species to the 
similarity of the compositions between samples within each site in this period are 
also shown.   P, Polychaete; B, Bivalve; T, Tanaid; A, Amphipod. 
 
 Typifying  species 
Average Density 
(0.1m
-2) Sim/SD  %Contribution 
Dalkeith  Capitella sp. (P)
  67.49 2.09  16.92 
  Ceratonereis aequisetis (P) 59.27  1.85  14.73 
  Leitoscoloplos normalis (P) 31.30  2.44  13.04 
  Grandidierella propodentata (A) 44.78 1.57  12.48 
  Sanguinolaria biradiata (B)  20.90 1.23  9.90 
  Boccardiella limnicola (P) 27.61  1.37  9.75 
  Tanais dulongii (T) 23.81  0.77  6.95 
  Corophium minor (A) 8.84  0.80  5.65 
Applecross  Ceratonereis aequisetis (P) 105.95  6.30  19.30 
  Capitella sp. (P)  61.44 2.73  15.05 
  Grandidierella propodentata (A) 69.86 1.94  13.92 
  Arthritica semen (B) 50.72  2.75  13.38 
  Sanguinolaria biradiata (B)  38.74 4.94  12.92 
  Leitoscoloplos normalis (P) 24.83  2.07  9.84 
  Boccardiella limnicola (P) 25.24  1.73  9.43 
Matilda Bay  Capitella sp. (P)  62.69 1.63  16.16 
  Ceratonereis aequisetis (P) 52.36  4.44  14.28 
  Grandidierella propodentata (A) 58.55 2.08  12.71 
  Tanais dulongii (T) 47.22  1.69  10.81 
  Arthritica semen (B)  28.51 1.40  9.05 
  Boccardiella limnicola (P) 17.23  1.00  8.36 
  Corophium minor (A) 16.26  0.90  6.35 
  Leitoscoloplos normalis (P) 12.46  1.06  5.79 
Deepwater Bay  Ceratonereis aequisetis (P) 121.09  5.00  21.44 
  Arthritica semen (B)  58.55 2.73  14.32 
  Leitoscoloplos normalis (P) 43.88  5.07  14.10 
  Grandidierella propodentata (A) 60.35 2.45  14.05 
  Capitella sp. (P)  35.80 1.16  11.60   233
Table 5.15  Species detected by SIMPER as typifying the benthic macroinvertebrate 
assemblages at each site in 2003/4 in the Swan-Canning Estuary. Those species 
that have relatively high similarity to standard deviation ratios (Sim/SD), i.e. >2, 
have been highlighted in boldface. The % contributions of each species to the 
similarity of the compositions between samples within each site in this period are 
also shown. P, Polychaete; B, Bivalve; A, Amphipod. 
 
 
 Typifying  species  Average Density
(0.1m
-2)  Sim/SD %Contribution 
Dalkeith  Capitella sp. (P)  64.80 1.89  18.03 
  Ceratonereis aequisetis (P) 40.98  1.71 15.33 
  Sanguinolaria biradiata (B)  37.39 1.29  12.50 
  Leitoscoloplos normalis (P) 25.66  1.15 12.33 
  Pseudopolydora kempi (P) 26.09  1.15 9.77 
  Grandidierella propodentata (A) 15.64  0.88  7.32 
  Corophium minor (A) 7.51  0.83  5.54 
Applecross  Ceratonereis aequisetis (P) 62.18  1.81 18.79 
  Capitella sp. (P)  66.72 1.48  18.06 
  Sanguinolaria biradiata (B)  34.00 1.49  14.87 
  Leitoscoloplos normalis (P) 26.95  1.18 11.82 
  Grandidierella propodentata (A) 19.99  0.99  9.44 
  Pseudopolydora kempi (P) 11.42  0.88 7.65 
  Australonereis ehlersii (P) 8.84  0.94  6.92 
  Arthritica semen (B)  9.06  0.72  5.82 
Matilda Bay  Capitella sp. (P)  61.44 2.24  16.94 
  Leitoscoloplos normalis (P) 34.51  1.97 13.91 
  Grandidierella propodentata (A) 33.75  1.36  11.21 
  Ceratonereis aequisetis (P) 27.17  1.34 11.03 
  Sanguinolaria biradiata (B)  22.42 1.40  9.67 
  Pseudopolydora kempi (P) 17.23  1.08 9.06 
  Prionospio cirrifera (P) 7.22  0.91  7.03 
  Corophium minor (A) 7.22  0.72  5.63 
Deepwater Bay Sanguinolaria biradiata (B) 68.28 2.24  12.84 
  Grandidierella propodentata (A) 71.46  2.03  12.67 
  Capitella sp. (P)  65.57  2.04  12.64 
  Leitoscoloplos normalis (P) 49.11  1.69 11.53 
  Ceratonereis aequisetis (P) 60.35  1.71 11.37 
  Corophium minor (A) 20.17  1.12  6.76 
  Oligochaete sp.   13.85 0.96  6.24 
  Musculista senhausia (B)  11.05 0.82  5.20   234
 
5.4  Discussion 
5.4.1  Environmental characteristics between periods 
The data presented in Fig. 5.2 in the results showed that the water temperatures 
and salinity in the middle reaches of the Swan-Canning Estuary followed the same 
strong seasonal pattern in both 1986/7 and 2003/4. However, the mean water 
temperatures in each season in 2003/4 were almost invariably greater than in the 
corresponding seasons in 1986/7, which is consistent with the increase in temperatures 
in south-western Australia that has occurred during recent decades (Bureau of 
Meteorology 2006). The slightly greater salinities in all but one season in 2003/4, 
particularly in winter 2003, were also consistent with the increase in salinities that have 
been recorded in the Swan-Canning Estuary in recent years (Rogers & Ruprecht 1999). 
Although there was a trend for seasonal dissolved oxygen concentrations to be less in 
2003/4 than in 1986/7, the mean seasonal concentrations in 2003/4 still exceeded 5.5 
mg L
-1 in each season of that period. The presence of relatively high oxygen 
concentrations during both periods presumably reflects the influence of regular mixing 
by wind of the shallow nearshore waters in the wide basin of the middle estuary.  
The mean seasonal contributions of organic matter to the sediments and the 
mean redox depths in the middle reaches of the Swan-Canning Estuary in 2003/4 
differed markedly from those in the corresponding seasons in 1986/7. Thus, overall, the 
% contribution of organic matter in each season in 2003/4 was ~1.5-2 times less than in 
1986/7, while the redox depths were ~2.0-2.8 times greater in both winter and spring in 
2003/4. The smaller amount of sedimentary organic matter in 2003/4 may reflect the 
decrease that has occurred in freshwater flow due to the lower rainfall in this period 
(Bureau of Meteorology 2006) and thus a reduced transport of organic matter into the 
middle estuary from upstream regions. This, in turn, is likely to facilitate greater oxygen   235
penetration into the sediments in 2003/4, at least in certain seasons. The greatly reduced 
redox depths during summer and autumn in 2003/4 is probably due to a reduction in 
sedimentary dissolved oxygen penetration as a result of the presence of accumulations 
of detached and decaying macrophytes on the substrate during these seasons.  
 
5.4.2  Comparisons between benthic macroinvertebrate assemblages in 1986/7 vs 
2003/4 
5.4.2.1 Overall assemblage composition between periods 
The compositions of the benthic macroinvertebrate assemblages in 1986/7 in the 
Swan-Canning Estuary differed markedly from those in 2003/4, particularly when those 
assemblages were compared in each season and at each site. The changes in assemblage 
composition between the two periods were driven mainly by differences in the relative 
densities of a suite of ten species, namely the polychaetes Ceratonereis aequisetis, 
Capitella sp., Leitoscoloplos normalis, Pseudopolydora kempi and Boccardiella 
limnicola, the bivalves Sanguinolaria biradiata and Arthritica semen and the 
crustaceans Grandidierella propodentata, Corophium minor and Tanais dulongii. 
Grandidierella propodentata, C. aequisetis, A. semen, T. dulongii and B. limnicola were 
relatively more abundant in 1986/7 than in 2003/4, when the densities of the latter three 
species were very low. In contrast, the opposite was true for S. biradiata, Capitella sp., 
C. minor and L. normalis and P. kempi was not found in the earlier period.  
The contrast between the absence of the polychaete P. kempi in 1986/7 and its 
contribution of ~6.6% to the total number of individuals in 2003/4 (ranked 6
th), strongly 
suggests that this large spionid has been introduced into the Swan-Canning Estuary in 
the last two decades. This could have occurred via the ballast of ships entering the Port 
of Fremantle (CRIMP pers. comm.). This species had already become so abundant in 
the upper Swan River Estuary by 1995 to 1997 that it contributed ~16.5% to the total   236
number of individuals recorded in shallow waters in that part of the system 
(Kanandjembo et al. 2001). In contrast to the situation with P. kempi, B. limnicola the 
other large spionid that was found during this study, contributed ~4.7% to the number of 
individuals in 1986/7 (ranked 7
th), and only 0.04% in 2003/4 (ranked 28
th). This raises 
the possibility that P. kempi has tended to displace B. limnicola.  
The above two spionid species are of similar size and both have robust palps, 
which can be used for both deposit- and suspension-feeding (Taghon 1992). Although 
there is no information on the reproductive biology of B. limnicola, the development of 
other species of this genus involves egg brooding followed by a planktotrophic larval 
stage (Blake & Arnofsky 1999). Conversely, the larvae of Pseudopolydora can use 
either planktotrophic and lecithotrophic modes, depending on temperature, day length 
and food availability (Blake & Woodwick 1975; Blake & Arnofsky 1999). Thus, 
Pseudopolydora species have the advantage of being able to reproduce successfully 
throughout the year and under varying environmental conditions, which may facilitate 
its competitive advantage over B. limnicola. 
The far lower densities of tanaid T. dulongii and the micro-bivalve A. semen in 
2003/4 than 1986/7 may reflect changes in environmental conditions, such as 
temperature and rainfall, between the two periods. T. dulongii was one of the species 
that distinguished between the benthic macroinvertebrate fauna of external and internal 
regions of Algeciras Bay in southern Spain (Sanchez-Moyano et al. 2000). The external 
regions, where this species was relatively more abundant, were characterised by 
stronger hydrodynamics and lower sedimentation rates, i.e. greater turbidity. It may thus 
be relevant that the decline in mean annual rainfall in the region of the Swan-Canning 
Estuary in recent years has led to a reduction in the extent of river discharge, increased 
sedimentation rates and greater water clarity (Chan et al. 2002). The current 
environment may thus be less conducive to the requirements of T. dulongii.   237
Although A. semen is capable of reproducing continuously throughout the year 
and can tolerate a wide range of salinities (i.e. 15-55‰), it suffers mortality when 
subjected to long periods of extreme temperature (Wells & Threlfall 1982b). In recent 
years temperatures have not only increased, but higher temperatures have persisted for 
longer periods throughout the year (Bureau of Meterology 2006), which may have 
contributed to the decline in the densities of A. semen in the Swan-Canning Estuary. 
That apparent decline in density between 1986/7 and 2003/4 contrasts with the situation 
recorded for S. biradiata, which suggests that conditions now favour that far larger 
bivalve.  
Although differences in the relative abundances of the ten species discussed 
above played a major role in distinguishing between the benthic macroinvertebrate 
fauna in 1986/7 vs 2003/4, those differences were augmented by differences in the 
occurrence of rare species. Thus for example, 14 of the crustacean and seven of the 
mollusc species present in 1986/7 were not found in 2003/4. Although these 21 species 
were each relatively rare during the earlier period, they did comprise ~40% of the 
number of species recorded during that period. Furthermore, 18 species were recorded 
only in 2003/4, ten of which were polychaetes and several of which were abundant. The 
other eight species included two crustaceans and three molluscs, but were represented 
by only three to five individuals. The dominance by polychaetes of the benthic 
macroinvertebrate fauna in 2003/4 is consistent with the fact that this group are more 
tolerant than molluscs and crustaceans of reduced oxygen levels and other factors 
associated with eutrophic conditions (Gray et al. 2002), which have become more 
prevalent during recent years. 
Although detrimental phytoplankton blooms have become prevalent in the upper 
reaches of the Swan Estuary in the last decade (Swan River Trust 2005a), such blooms 
have occurred far less frequently in the middle estuary where the current study was   238
undertaken. However, in February 2000, a large bloom of a highly toxic strain of the 
blue-green algae Microcystis aeruginosa developed essentially throughout the entire 
estuary (Swan River Trust 2000), with concentrations becoming as high as 130 million 
cells mL
-1 in some regions. Extensive scums of this algae formed along the northern 
shorelines of the basin and large scale benthic anoxia occurred in this region during this 
time (Swan River Trust 2000). The levels of microcystin, the major toxin produced by 
Microcystis, were 16 times the recommended World Health Organisation levels. 
Although little is known regarding the effects of this toxin on invertebrates, 
White et al (2005) observed large scale gastropod mortality directly after a Microcystis 
bloom in a freshwater lake in Queensland. The deleterious effects of these blooms, 
whether due to benthic anoxia or the toxic effects of microcystin, may have led to 
mortality of many benthic species, including those that were previously rare. The 
possibility of subsequent local extinction of such species would be increased due to 
their small population sizes and thus may have contributed to the differences between 
the benthic macroinvertebrate faunal compositions in 1986/7 and 2003/4.  
 
5.4.2.2 Seasonal and spatial comparisons in composition 
The mean seasonal numbers of species and densities of benthic 
macroinvertebrates and species compositions changed throughout the year in both 
periods. The changes in these three biotic variables were presumably related to the 
marked and consistent seasonal variation undergone each year by environmental 
variables, such as salinity and water temperature, which are known to influence the 
timing of spawning and thus of recruitment of benthic macroinvertebrate species (Feller 
et al. 1992; Broitman et al. 2005; Reiss et al. 2006). The fact that, in both periods, the 
mean seasonal numbers of species and densities in the second winter returned to levels   239
similar to that of the first winter strongly suggests that the seasonal trends in these two 
biotic variables represent true seasonal variation. 
The extent of the seasonal variation in the characteristics of the benthic 
macroinvertebrate assemblages was far greater in 2003/4 than in 1986/7. It thus is 
relevant that the very pronounced decline that occurred in the number of species and 
densities of benthic macroinvertebrates between spring and autumn in 2003/4, followed 
by their immediate increase in winter parallels the pronounced seasonal trend exhibited 
by redox depth. Although the trends exhibited by those biotic variables in 1986/7 also 
followed those of the redox levels in that period, these trends were not nearly as marked 
as in 2003/4. The above parallels between the trends exhibited by the redox values and 
the biotic variables in each period imply that the number of species and density are 
directly influenced by the levels of oxygen in the sediments and/or some other variable, 
such as the concentration of acid volatile sulfides, which is correlated with this 
measurement. 
In this context, it may be relevant that, in an estuarine mudflat in Japan, Magni 
et al. (2006) found that the macrofaunal abundance, species richness and composition 
was strongly related to the dynamics of macroalgal accumulations and the associated 
chemical characteristics of sediments. In that estuary, warm temperatures and abundant 
fresh algal material during summer provided optimum feeding and breeding conditions, 
resulting in the production of large macrofaunal abundances and a diverse assemblage. 
During autumn, a major increase in algal detritus associated with the decomposition of 
the macroalgal accumulations, led to reduced redox depths, a marked increase in acid-
volatile sulphides, and a reduction in macrofaunal abundances and species richness. 
However, rapid recolonisation occurred between winter and spring, which was initiated 
by a few opportunistic polychaetes (e.g. Cirriformia and Polydora species) (Magni et 
al. 2006). The burrowing activities of these species presumably resulted in reoxidisation   240
and detoxification of the sediments. The settlement of new recruits during spring 
indicated that the macrofaunal assemblages had re-established and were of similar 
composition to that of the previous year. As seasonal trends in biotic variables in the 
Swan Estuary paralleled those in the above Japanese mudflat, the decline in those 
variables in summer may likewise be related to the detrimental effects of decomposing 
macroalgae and acid-volatile sulphides. 
Although, in both periods, the number of species and densities increased 
between winter and spring and between autumn and winter, they both continued to 
increase in summer in 1986/7, whereas they commenced their decline in that season 
towards very low autumn values in 2003/4. It thus appears relevant that the water 
temperatures in spring were ~ six degrees greater in 2003/4 than in 1986/7 and that 
spawning and thus recruitment may have occurred earlier in that latter period. However, 
as the number of species and density declined progressively between spring and autumn 
in 2003/4, it is possible that the detrimental conditions, such as those discussed above, 
were already incipient in summer, when they began to affect many species populations 
by first reducing the numbers of the newly recruited juveniles. 
In their review of 30 studies, Grosselin and Qian (1997) found that the 
survivorship of many juveniles decreased exponentially within the first few weeks of 
life until approximately 4 months, when all cohorts examined were reduced to ~20% of 
their initial numbers. They suggested that variations in the extent of this trend could be 
attributed to differences in the intensity of recruitment and in the various mortality 
factors that were involved. Thus, when recruitment is intense, competition for space is 
likely to be a major cause of death, particularly when that space is reduced due to 
environmental factors. 
The marked decline in the number of species and density of individuals in 
autumn in 2003/4 was reflected by a sudden and marked decline in average taxonomic   241
distinctness and variation in taxonomic distinctness from levels that were otherwise 
relatively constant among seasons. This particularly reflects the marked decline in the 
densities of several otherwise abundant species, i.e. three polychaetes, C. aequisetis, 
Capitella sp., L. normalis, each of which represent a different family, the bivalve 
S. biradiata and two corophiid amphipods C. minor, and G. propodentata between 
spring and autumn. A large reduction in the densities of this taxonomically diverse suite 
of species meant that only a subset of that suite was recorded in each sample in autumn 
2004 and that overall only a few taxonomic groups were represented in each. Thus, low 
mean value for both average taxonomic distinctness and variation in taxonomic 
distinctness were recorded for that season. Despite this, the overall suites of species in 
each season did not diverge from the expected taxonomic structure of the benthic 
macroinvertebrate fauna in the Swan-Canning Estuary in either period. 
The compositions of the assemblages at the species level, however, did differ 
considerably between seasons in each period. In the earlier period, the greatest seasonal 
differences in assemblage composition generally occurred between either winter 1987, 
and both spring and summer, whereas in the latter period the greatest differences 
occurred between winter 2003 vs summer, winter 2004 vs spring .and winter 2003 vs 
winter 2004. Overall, most of the species that characterised each season in the former 
period attained their highest densities in summer and their lowest in either autumn or 
winter 1986. In contrast, in 2003/4, most of these species attained their highest densities 
in spring and their lowest in autumn.  
In 1986/7 the differences in species composition between seasons were mainly 
due to changes in the relative abundances of Capitella sp., C. aequisetis and 
G. propodentata, which were more abundant in the winter, spring and summer, 
respectively. However, in 2003/4 the seasonal differences in species composition were 
driven mainly by changes in the relative importance of Capitella sp., S. biradiata,   242
C. aequisetis, G. propodentata and L. normalis. Although there were some similarities 
in the seasonal changes in species composition between the two periods, other aspects 
of those changes were not consistent between those periods. For example, while 
C. aequisetis and L. normalis were amongst the most important species that 
characterised the assemblage compositions in summer 1987 and 2004, Capitella sp. was 
the second most important species characterising this season in 2004, but was 
considerably less important in 1987. These inconsistencies are likely to be related to the 
fact that differences in environmental variables such as temperature, salinity and the 
amount of available food between periods are likely to affect the timing of these species 
reproductive cycles and levels of recruitment (Mendez et al. 2000; Watson et al. 2003)  
In terms of spatial variation, the rank order of differences between the 
compositions at the various sites, as reflected in the R-statistic values for pairwise 
comparisons (Table 5.14), was the same in both periods, with the faunal composition at 
Deepwater Bay being the most distinct. The differences in composition between 
Deepwater Bay and the Swan basin sites were due, in part, to the relatively greater 
importance of Arthritica semen in 1986/7 and of Sanguinolaria biradiata and 
Musculista senhausia in 2003/4, the first and last of these species being more typically 
abundant in the upper estuary (see chapter 4 and Kanandjembo et al. 2001). It is thus 
relevant that the Deepwater Bay site is located furthest upstream in this study, whereas 
the other three sites are situated in the wide Swan-Canning basin and are thus, for 
example, each subjected to greater wave action than is the case with the Deepwater Bay 
site. The extent of wave action is known to influence assemblage composition 
elsewhere in the Swan Estuary (Chapter 4) and in coastal marine waters outside this 
estuary (Chapter 2) as well as in other parts of the world (Denny 1988; Rodil & Lastra 
2004). 
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6  GENERAL DISCUSSION 
 
6.1  Nearshore habitat classification and relationships with benthic 
macroinvertebrate fauna 
The value of habitat classification schemes has become increasingly apparent for 
managers and researchers of nearshore marine and estuarine systems, particularly in 
view of the increasing adverse impacts of anthropogenic activities on these highly 
utilized environments. Such schemes provide, firstly, an ability to reliably identify the 
various habitat types in a particular region and thus those that are more representative vs 
those that are unique, and secondly, the basis for ascertaining the relationships that exist 
between the environment and its biota. By establishing quantitative links between suites 
of species and particular environmental characteristics, it is then possible to reliably 
predict the types of fauna that are likely to occur in any nearshore location. This ability 
provides an invaluable basis for developing better strategies to conserve biodiversity 
and manage natural resources in nearshore marine and estuarine environments 
(Robinson & Levings 1995; Ward et al. 1999; Allee et al. 2000; Roff & Taylor 2000; 
Madden & Grossman 2004). The results of this study provide support for the particular 
approach to nearshore habitat classification that was employed, and for the use of the 
resultant habitat types and their characteristic benthic invertebrate fauna as the basis for 
further research on the ecology of these assemblages in marine and estuarine 
environments in south-western Australia. 
The initial research conducted in this study showed that the compositions of the 
benthic macroinvertebrate assemblages differed significantly among the six nearshore 
marine habitat types identified by Valesini et al. (2003) on the lower west coast of 
Australia. Moreover, the extents of those spatial differences were significantly 
correlated with those among the enduring environmental characteristics that were used 
to distinguish those six habitat types. Since this was also demonstrated for the fish fauna   244
at these habitat types (Valesini et al. 2004), it is reasonable to suggest that this habitat 
classification scheme can be used reliably by environmental managers to, firstly, 
identify the habitat type of any nearshore site of interest in the study area and secondly, 
on the basis of the fish and benthic macroinvertebrate species that have been shown to 
characterise these fauna at each habitat type, to predict the species that are likely to 
occur at that site.   
The above results provided a sound basis for developing, in the second part of 
the study, a quantitative scheme for classifying habitats in nearshore estuarine waters. 
While the latter scheme also relied on the use of readily-available data for a range of 
enduring environmental characteristics, it differed from that developed by Valesini et al. 
(2003) in that it employed a new statistical procedure, SIMPROF (Clarke & Gorley 
2006), which enabled a completely objective classification of estuarine habitat types. 
When the scheme was employed to classify a diverse range of nearshore sites in the 
Swan-Canning Estuary, those sites were logically distributed into 18 habitat types, 
which each differed in their environmental charactersitics. 
The quantitative, objective approach that was developed in this study to classify 
nearshore estuarine habitat types has several advantages over the majority of published 
schemes that have been developed for this purpose. Firstly, quantification of the 13 
enduring environmental variables that were used to classify the various habitat types in 
the Swan-Canning Estuary was easily accomplished using remotely-acquired data 
sources, and enabled the physical attributes of each habitat type to be accurately 
represented without the need to make detailed measurements in the field. These 
enduring variables effectively represented the spatial differences among 14 in situ non-
enduring environmental variables that were measured in both summer and winter at 
eight of the habitat types. Adequate representation of such physico-chemical variables   245
by enduring surrogates is important, since these variables directly affect the 
distributions of biota (Dethier 1990). 
Secondly, the use of a suite of environmental variables in the classification 
process provides a more comprehensive representation of habitats than just single 
environmental characteristics, such as substrate type, that have often been used to 
delineate habitat types (e.g. Mishra et al. 2006). The current scheme is based on a 
“holistic” philosophy, in that it defines a habitat types using a wide range of quantitative 
environmental criteria and is thus pertinent to a wider variety of fauna, e.g. benthic 
invertebrates, hyperbenthic fauna, benthic and pelagic fish and zooplankton. 
Thirdly, the fully quantitative nature of both the environmental data that was 
employed to classify the various habitat types in the estuary and the faunal data that was 
collected in order to validate those habitat types, provides the basis for developing a tool 
to predict the types of fauna that are likely to be present at any site in that system. 
Moreover, the objective approach, facilitated by the use of the CLUSTER/SIMPROF 
routine (Clarke & Gorley 2006), removed the uncertainty associated with deciding 
where to establish boundaries for different habitat types and in classifying sites that lay 
near the borderline of two habitat types. Such an approach is vital for a habitat 
classification scheme that is to be used by ecologists and environmental managers with 
different backgrounds.  
While a few published schemes for classifying habitat types within estuaries 
have addressed a range of environmental variables to identify habitats (i.e. Dethier 
1990; 1998; Howes et al. 1999; Allee et al. 2000), these are only semi-quantitative in 
their approach. This increases the risk of habitat type “misclassification”, and thus such 
schemes cannot be used to consistently classify habitats in different areas. Moreover, 
they cannot be used to statistically match differences among habitat types to those   246
among their resident fauna, or to predict the types of fauna that are likely to occur at a 
given habitat type.  
The significant relationships, in different seasons, between the matrices derived 
from the benthic macroinvertebrate fauna and the enduring environmental variables at 
the selected habitat types in both the Swan-Canning Estuary and adjacent nearshore 
marine waters, indicate that the differences in the compositions of those fauna reflect 
the differences among the enduring physical characteristics of those habitat types. The 
fact that, in both estuarine and marine waters, the benthic macroinvertebrate 
assemblages were more highly correlated with the enduring rather than the in situ non-
enduring environmental variables strongly supports the use of the former to classify 
those habitat types and predict the type of benthic macroinvertebrate fauna likely to be 
found at any site in those systems. It also suggests that other unmeasured in situ 
environmental characteristics, and possibly biological factors, influence the spatial 
distributions of the benthic macroinvertebrate fauna in those systems, and that the use of 
enduring variables as surrogates inherently captures such characteristics. This research, 
and that of several other workers (e.g. Dethier 1992; Allee et al. 2000; Roff & Taylor 
2000; Valesini et al. 2004), suggests that habitat types distinguished on the basis of 
enduring environmental characteristics are likely to provide the best explanation for 
differences in aquatic faunal assemblages and a sound basis upon which biological 
interactions can be investigated. Moreover, these findings contradict statements by 
Robinson and Levings (1995) that physical criteria are an inadequate basis for 
classifying nearshore faunal habitats and describing faunal distributions. 
The fact that the benthic macroinvertebrate assemblages differed to a greater 
extent in the Swan-Canning Estuary than in the adjacent nearshore marine waters may 
reflect the greater within-habitat variation in the marine vs estuarine assemblages. Such   247
variation was reflected in far lower densities and “patchy” distributions of the marine 
species. 
The large differences between the compositions of the benthic macroinvertebrate 
assemblages in the middle reaches of the Swan-Canning Estuary in 2003/4 compared to 
those in 1986/7 emphasises the need for more effective environmental management 
tools, such as the habitat classification scheme devised in this study. Such a scheme and 
the associated faunal survey will provide a comprehensive basis on which to examine 
the long-term changes in the benthic macroinvertebrate fauna within this system. 
 
6.2  Management implications and directions for future research 
The approach to classifying estuarine habitat types that was developed in this 
study provides ecologists and environmental managers with the ability to identify 
reliably those habitats that are representative of and/or unique to an estuary. Moreover, 
it provides a basis for (1) producing faunal inventories and establishing benchmarks 
against which any future changes to those fauna can be detected and (2) investigating 
the ways in biological interactions, such as food webs, operate. These abilities are 
central to the process of identifying appropriate locations for protected areas in 
estuaries, and thus enable conservation efforts to encompass habitats that are not only 
representative and/or unique, but also those that are particularly important as nursery or 
feeding areas for protected and/or commercially and recreationally important species 
(Ward et al. 1999; Roff & Evans 2002; National Marine Protected Areas Center 2006).  
The scheme developed in this study was employed recently to establish the 
current status of the benthic macroinvertebrate assemblages in the Swan Estuary Marine 
Park. Four different habitat types were identified in the Marine Park, which were then 
used as a basis for sampling their resident benthic macroinvertebrate fauna (Wildsmith 
2007). Each of those habitat types were found to contain a distinct faunal assemblage,   248
and the resultant species inventory now provides environmental managers with (1) a 
reliable basis for detecting future changes in those fauna and (2) the ability to identify 
those habitat types that are particularly important for migratory birds, which use the area 
for feeding during their annual spring migration (Bamford et al. 2003). It thus 
represents the first step for future monitoring of the invertebrate fauna in the Marine 
Park and provides stronger direction for conservation efforts. 
The majority of the enduring environmental variables that were used to 
distinguish among the nearshore habitat types in the Swan-Canning Estuary and 
adjacent coastal waters would also be useful for identifying habitat types in other 
similar systems throughout the world. Moreover, these variables can easily be modified 
to suit the particular environmental characteristics of other areas. 
Ideally, habitat classification schemes should provide a consistent method for 
identifying habitat types at a range of spatial scales that pertain to different levels of 
management or research (e.g. Zacharias et al. 1998; Allee et al. 2000; Roff & Taylor 
2000). The scheme developed in this study could easily be incorporated into the finer 
levels of a hierarchical scheme developed at a national scale, and thus facilitate the 
systematic classification of within-estuary habitat types at local scales. Moreover, the 
development of a method to allocate any site of interest (i.e. one not used in the 
classification procedure) to its appropriate habitat type has been developed by Valesini 
et al. (in prep).   249
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